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Ředitel ústavu Vám v souladu se zákonem č.111/1998 o vysokých školách a se Studijním a
zkušebním řádem VUT v Brně určuje následující téma bakalářské práce:
Příprava 2D heterostruktur
v anglickém jazyce:
Preparation of 2D heterostructures
Stručná charakteristika problematiky úkolu:
Zvládnutí přenosu grafenu o rozměrech několika mikrometrů a jeho umístění na konkrétní místo je
proces potřebný pro přípravu 2D heterostruktur. Cílem bakalářské práce bude na základě dostupné
literatury najít vhodnou metodu přenosu, vyzkoušet ji a optimalizovat pro praktické využití na
Ústavu fyzikálního inženýrství FSI VUT v Brně.
Cíle bakalářské práce:
1. Provedení rešerše, nalezení nejvhodnější metody pro přenos.
2. Experimentální provedení přenosu a jeho optimalizace.
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❉♦❞❛t❦② ✹✺
Ú❱❖❉
❍❡t❡r♦str✉❦t✉r②✱ ♥❡❜♦❧✐ ❦♦♠❜✐♥❛❝❡ ❞✈♦✉ ↔✐ ✈í❝❡ ♣♦❧♦✈♦❞✐↔♦✈ý❝❤ ♠❛t❡r✐á❧➲ s ♦❞❧✐➨♥ý♠ ③❛❦á③❛♥ý♠
♣ás❡♠ ❬✶❪✱ ❜②❧② ♣♦♣r✈é ③❦♦✉♠á♥② ❥✐➸ ✈ ♣♦❧♦✈✐♥➙ ✷✵✳ st♦❧❡tí✳ ❏❛❦ ❥❡ ③♠í♥➙♥♦ ✈ ↔❧á♥❦✉ ❬✷❪✱ ♥❡❥❞➲❧❡➸✐✲
t➙❥➨í ❡①♣❡r✐♠❡♥tá❧♥í ✈ýs❧❡❞❦② ✉ ❤❡t❡r♦str✉❦t✉r ♣➦✐➨❧② ❛➸ ❦♦♥❝❡♠ ➨❡❞❡sátý❝❤ ❧❡t✱ ❦❞② ❜②❧② ✈②t✈♦➦❡♥②
♣r✈♥í ✐❞❡á❧♥í ❆❧●❛❆s ❤❡t❡r♦str✉❦t✉r②✱ ❤❡t❡r♦str✉❦t✉r♥í ▲❊❉ ❞✐♦❞②✱ s♦❧ár♥í ↔❧á♥❦② ❛ ●❛❆s ❧❛s❡r②✳
❉➲❧❡➸✐tá ❥❡ ③❞❡ ♣➦❡❞❡✈➨í♠ s❦✉t❡↔♥♦st✱ ➸❡ ❤❡t❡r♦str✉❦t✉r② ♣♦♣r✈é ✈ ❤✐st♦r✐✐ ✉♠♦➸♥✐❧✐ ➦í❞✐t t②♣ ❛
❤❧❛❞✐♥✉ ✈♦❞✐✈♦st✐ ✈ ♣✲♥ ♣➦❡❝❤♦❞✉✱ ❝♦➸ ❜②❧ s❛♠♦t♥ý ③á❦❧❛❞ r♦③✈♦❥❡ ♣♦❧♦✈♦❞✐↔♦✈é ❡❧❡❦tr♦♥✐❦②✳ ❬✷❪
❱ s♦✉↔❛s♥♦st✐ ❥s♦✉ ❤❡t❡r♦str✉❦t✉r② ♠❛s✐✈♥➙ ✈②✉➸í✈á♥② ✈ ❦❛➸❞♦❞❡♥♥í♠ ➸✐✈♦t➙✳ ▼➲➸❡♠❡ ❥❡ ♥❛❧❡③♥♦✉t
♥❛♣➦í❦❧❛❞ ✉ ❧❛s❡r♦✈➙ ③❛❧♦➸❡♥ý❝❤ t❡❧❡❦♦♠✉♥✐❦❛↔♥í❝❤ s②sté♠➲✱ ❤❡t❡r♦str✉❦t✉r♥í❝❤ ❜✐♣♦❧ár♥í❝❤ tr❛♥✲
③✐st♦r➲ ↔✐ tr❛♥③✐st♦r➲ s ✈②s♦❦♦✉ ♣♦❤②❜❧✐✈♦stí ❡❧❡❦tr♦♥➲ ✭❍❊▼❚✮✳ ❬✷❪ ❚é♠➙➦ ✈ ❦❛➸❞é ❞♦♠á❝♥♦st✐ ❧③❡
✈✐❞➙t ♣♦✉➸✐tí ❤❡t❡r♦str✉❦t✉r♥í❝❤ ❧❛s❡r➲ ✉ ❈❉ ♣➦❡❤rá✈❛↔➲✳ ❍❡t❡r♦str✉❦t✉r♥í s♦❧ár♥í ↔❧á♥❦② s❡ ❞á❧❡
♣♦✉➸í✈❛❥í ✐ ♣r♦ ✈❡s♠ír♥é ❛♣❧✐❦❛❝❡✳ ❬✷❪
❉✈♦✉r♦③♠➙r♥é ❤❡t❡r♦str✉❦t✉r② ❥s♦✉ ♣❛❦ s♣❡❝✐á❧♥í t②♣ ❤❡t❡r♦str✉❦t✉r✱ ❥❡➸ ❥s♦✉ s❧♦➸❡♥② ③ ♠♦♥♦✈rst❡✈
❞✈♦✉r♦③♠➙r♥ý❝❤ ♠❛t❡r✐á❧➲✳ ❚②t♦ ❤❡t❡r♦str✉❦t✉r② ♣♦s❦②t✉❥í ♥♦✈é✱ ✈❡❧♠✐ s❧✐❜♥é ♠♦➸♥♦st✐ ❜✉❞♦✉❝í❤♦
✉♣❧❛t♥➙♥í✳ ❉í❦② ❡✈❡♥t✉❛❧✐t➙ r➲③♥ý❝❤ ❦♦♠❜✐♥❛❝í ✷❉ ♠❛t❡r✐á❧➲ ❧③❡ ✈❧❛st♥♦st✐ ❞❛♥é ❤❡t❡r♦str✉❦t✉r②
↔ást❡↔♥➙ ♦✈❧✐✈♥✐t ✲ t♦t♦ ❥❡ ✈➨❛❦ ❥❡➨t➙ ✈❡ ❢á③✐ ✈ý③❦✉♠✉ ♠♥♦❤❛ ✈➙❞❡❝❦ý❝❤ tý♠➲ ♣♦ ❝❡❧é♠ s✈➙t➙✳
❚❛t♦ ❜❛❦❛❧á➦s❦á ♣rá❝❡ s❡ ③❛❜ý✈á ♥❛❧❡③❡♥í♠ ❝♦ ♠♦➸♥á ♥❡❥❧❡♣➨í ♠❡t♦❞② ♣r♦ ✈ýr♦❜✉ ✷❉ ❤❡t❡r♦str✉r
❛ ♥ás❧❡❞♥➙ ❥❡❥í ♦♣t✐♠❛❧✐③❛❝í✳ ❏❡❧✐❦♦➸ ❜②❧② ♣r♦ ✈②t✈♦➦❡♥í ❤❡t❡r♦str✉❦t✉r② ♣♦✉➸✐t② ♠❛t❡r✐á❧② ❣r❛❢é♥ ❛
s✉❧✜❞ ♠♦❧②❜❞❡♥✐↔✐tý✱ ❥s♦✉ ✉✈❡❞❡♥② ✈ ú✈♦❞♥í❝❤ ❦❛♣✐t♦❧á❝❤ ❥❡❥✐❝❤ ✈❧❛st♥♦st✐✱ ✈ýr♦❜❛ ❛ ♠♦➸♥♦st✐ ✈②✉✲
➸✐tí✳ Pr♦ ú♣❧♥♦st ❥❡ ③❞❡ ✉✈❡❞❡♥❛ ✐ ❦❛♣✐t♦❧❛ ✉❤❧í❦✱ ❦t❡rá ❥❡ ❞❧❡ ♠é❤♦ ♥á③♦r✉ ❞➲❧❡➸✐tá ♣r♦ ❦♦♠♣❧❡①♥í
♣➦❡❤❧❡❞ ♦ ❣r❛❢é♥✉✳ ◆ás❧❡❞✉❥❡ ❦❛♣✐t♦❧❛ ✷❉ ❤❡t❡r♦str✉❦t✉r②✱ ❥❡➸ ♦❜❡❝♥➙ ♣♦❥❡❞♥á✈á ♦ ❤❡t❡r♦str✉❦t✉✲
rá❝❤✱ ❥❛❦ s❡ ♣➦✐♣r❛✈✉❥í ❛ ❝♦ ♥♦✈é❤♦ ♦❞ ♥✐❝❤ ❧③❡ ♦↔❡❦á✈❛t✳ ❱ tét♦ ❦❛♣✐t♦❧❡ ❥❡ t❛❦é ♣r♦✈❡❞❡♥❛ r❡➨❡r➨❡
♠❡t♦❞ ♣r♦ t✈♦r❜✉ ✷❉ ❤❡t❡r♦str✉❦t✉r ❛ ✈ý❜➙r t❡♦r❡t✐❝❦② ♥❡❥❧❡♣➨í ♠❡t♦❞②✳ ❉❛❧➨í ❦❛♣✐t♦❧❛ ♥❛③✈❛♥á
❚r❛♥s♣♦rt ❣r❛❢é♥✉ ③❛❤r♥✉❥❡ ♣♦❞r♦❜♥ý ♣♦♣✐s ✈②❜r❛♥é ♠❡t♦❞②✱ ❥❡❥í ❥❡❞♥♦t❧✐✈é ❦r♦❦② ❛ ♠♦❞✐✜❦❛❝❡ ♣r♦
❝♦ ♠♦➸♥á ♥❡❥✈②➨➨í ús♣➙➨♥♦st t✈♦r❜② ✷❉ ❤❡t❡r♦str✉❦t✉r✳
❚❛t♦ ♣rá❝❡ ❥❡ r♦③❞➙❧❡♥❛ ♥❛ t❡♦r❡t✐❝❦♦✉ ❛ ❡①♣❡r✐♠❡♥tá❧♥í ↔ást✱ t❡♦r❡t✐❝❦♦✉ ↔ást t✈♦➦í ♣r✈♥í ↔t②➦✐
❦❛♣✐t♦❧② ✲ ❯❤❧í❦✱ ●r❛❢é♥✱ ❙✉❧✜❞ ♠♦❧②❜❞❡♥✐↔✐tý ❛ ✷❉ ❤❡t❡r♦str✉❦t✉r②✳ ❑❛♣✐t♦❧❛ ❚r❛♥s♣♦rt ❣r❛❢é♥✉
❥❡ ↔ástí ❡①♣❡r✐♠❡♥tá❧♥í✳
❈í❧❡♠ tét♦ ♣rá❝❡ ❥❡ ús♣➙➨♥ý ♣➦❡♥♦s ❣r❛❢é♥✉ ♥❛ s✉❧✜❞ ♠♦❧②❜❞❡♥✐↔✐tý ❛ tí♠ ✈②t✈♦➦❡♥í ❤❡t❡r♦str✉❦t✉r②✳
✶

✶ ❯❍▲❮❑
✶✳✶ ❯❤❧í❦ ✲ ❝❤❡♠✐❝❦ý ♣r✈❡❦
❯❤❧í❦ ❧❛t✐♥s❦② ❝❛r❜♦♥❡✉♠ ✭③♥❛↔❦❛ ❈✮✱ ❥❡ ❝❤❡♠✐❝❦ý ♣r✈❡❦ ♣❛t➦í❝í ❞♦ ■❱✳ ❆ s❦✉♣✐♥②✳ ◆á③❡✈ ❥❡ ♦❞✲
✈♦③❡♥ ③ ❧❛t✐♥s❦é❤♦ ❝❛r❜♦✱ ✈ ♣➦❡❦❧❛❞✉ ❞➦❡✈➙♥é ✉❤❧í✳ ❚❡♥t♦ ♣r✈❡❦ ❥❡ ③♥á♠ ❥✐➸ ♦❞ ♣r❛✈➙❦✉✱ ♣♦✉➸í✈❛❧✐
❤♦ t❛❦é st❛➦í ❡❣②♣➫❛♥é ♣r♦ ♣s❛♥í ♥❛ ♣❛♣②r✉s✳ ❏❛❦♦ ❝❤❡♠✐❝❦ý ♣r✈❡❦ ❥❡ ✈➨❛❦ ✉❤❧í❦ ❝❤á♣á♥ ❛➸ ♦❞
❞r✉❤é ♣♦❧♦✈✐♥② ✶✽✳ st♦❧❡tí ❬✸❪✳ ❯❤❧í❦ ♠á ♣r♦t♦♥♦✈é ↔ís❧♦ ✻✱ ↔❡♠✉➸ ♦❞♣♦✈í❞á ✐ ✻ ❡❧❡❦tr♦♥➲ ✈ ♦❜❛❧✉
❛t♦♠✉ s ❡❧❡❦tr♦♥♦✈♦✉ ❦♦♥✜❣✉r❛❝í ✶s2✷s2✷♣2✳ ◆❡❥↔❛st➙❥✐ ✈②t✈á➦í s ♦❦♦❧♥í♠✐ ❛t♦♠② ❦♦✈❛❧❡♥t♥í ✈❛③❜②✱
♣♦✉③❡ ✈❡ ✈ý❥✐♠❡↔♥ý❝❤ ♣➦í♣❛❞❡❝❤ ♠➲➸❡ ✈②t✈♦➦✐t ✈❛③❜② ✐♦♥t♦✈é ✭♥❛♣➦í❦❧❛❞ ❇❡2❈✱ ❆❧4❈3✮✳ ❆❜② ✉
♥➙❥ ♠♦❤❧♦ ❞♦❥ít ❦ ✈②t✈♦➦❡♥í ↔t②➦ ❦♦✈❛❧❡♥t♥í❝❤ ✈❛③❡❜✱ ❥❡ ③❛♣♦t➦❡❜í ❡①❝✐t♦✈❛t ❛t♦♠ ❞♦ ✈❛❧❡♥↔♥í❤♦
st❛✈✉ ✶s2✷s1✷♣3✳ ❬✹❪ ❯❤❧í❦ s❡ ✈②s❦②t✉❥❡ ✈ ♣➦ír♦❞➙ ✈♦❧♥➙✱ ❛❧❡ ✐ ✈á③❛♥➙ ✈ ❛♥♦r❣❛♥✐❝❦ý❝❤ ❛ ♦r❣❛♥✐❝❦ý❝❤
s❧♦✉↔❡♥✐♥á❝❤✳ ◆❡❥↔❛st➙❥✐ s❡ ✈ ♣➦ír♦❞➙ ♥❛❝❤á③í ✈❡ ❢♦r♠➙ r♦♣②✱ ③❡♠♥í❤♦ ♣❧②♥✉ ❛ ✉❤❧✐↔✐t❛♥➲✳ ❉á❧❡ s❡
✈②s❦②t✉❥❡ ✈ ❛t♠♦s❢é➦❡ ✈❡ ❢♦r♠➙ ♦①✐❞✉ ✉❤❧✐↔✐té❤♦✳ ❯❤❧í❦ ♠á ❝❡❧❦❡♠ t➦✐ s✈é ✐③♦t♦♣② 12❈✱ 13❈ ❛ ❥❡♥
st♦♣♦✈➙ s❡ ✈②s❦②t✉❥í❝í ✐③♦t♦♣ 14❈✳ ❱ ♣r♦❝❡♥t✉á❧♥í♠ ③❛st♦✉♣❡♥í s❡ ✈②s❦②t✉❥❡ ✈ ♣➦ír♦❞➙ ③ ✾✽✱✽✾✪ ✈❡
❢♦r♠➙ ✐③♦t♦♣✉ 12❈✱ ③❜②❧é ✶✱✶✶✪ t✈♦➦í ✐③♦t♦♣ 13❈✳ 14❈ ✈③♥✐❦á ✈❡ ✈②➨➨í❝❤ ✈rst✈á❝❤ ❛t♠♦s❢ér② ♣♦♠♦❝í
❛t♦♠➲ ❞✉sí❦✉✱ ❥❡➸ ③❛❝❤②❝✉❥í ♣♦♠❛❧é ♥❡✉tr♦♥② ✲ ♥ás❧❡❞♥➙ s❡ r♦③♣❛❞á s❡ ③á➦❡♥í♠ β✳ ❬✺❪ ❈❤❡♠✐í ✉❤❧í❦✉
s❡ ③❛❜ý✈á ❝❡❧á s❛♠♦st❛t♥á ♦❜❧❛st ❝❤❡♠✐❡ t③✈✳ ♦r❣❛♥✐❝❦á ❝❤❡♠✐❡✳ ❬✻❪
✶✳✷ ❱❧❛st♥♦st✐ ✉❤❧í❦✉ ❛ ❛❧♦tr♦♣♥í ❢♦r♠②
❯❤❧í❦ s❡ ✈ ♣➦ír♦❞➙ ✈②s❦②t✉❥❡ ✈❡ ❞✈♦✉ ③á❦❧❛❞♥í❝❤ ❛❧♦tr♦♣✐í❝❤ ✲ ❣r❛✜t ❛ ❞✐❛♠❛♥t✳ ❏❡❤♦ ✈❧❛st♥♦st✐ s❡
③♥❛↔♥➙ ❧✐➨í ♣♦❞❧❡ t♦❤♦✱ ♦ ❥❛❦♦✉ ❛❧♦tr♦♣♥í ❢♦r♠✉ s❡ ❥❡❞♥á✳ ❊①✐st✉❥í ✐ ❞❛❧➨í ❛❧♦tr♦♣✐❡ ❥❛❦♦ ❢✉❧❧❡r❡♥② ✈✐③
♣♦❞❦❛♣✐t♦❧❛✶✳✷✳✸ ♥❡❜♦ t➦❡❜❛ ✉❤❧í❦♦✈é ♥❛♥♦tr✉❜✐❝❡ ❛ ✉❤❧í❦♦✈é ❝✐❜✉❧❡ ✉✈❡❞❡♥é ✈ ♣♦❞❦❛♣✐t♦❧❛ ✶✳✷✳✹✳
✶✳✷✳✶ ●r❛✜t
●r❛✜t ❥❡ ↔❡r♥♦➨❡❞ý ❛➸ ↔❡r♥ý✱ ❧❡s❦❧ý ❛ ❞♦❜➦❡ ❡❧❡❦tr✐❝❦② ✈♦❞✐✈ý ♠❛t❡r✐á❧✳ ❏❡ t✈♦➦❡♥ ③ ❥❡❞♥♦t❧✐✈ý❝❤
✈rst❡✈ ✭❣r❛❢é♥✮✱ ❦t❡ré ❥s♦✉ t✈♦➦❡♥② ✉❤❧í❦② ✉s♣♦➦á❞❛♥ý♠✐ ❞♦ ➨❡st✐ú❤❡❧♥í❦➲ ✈✐③ ♦❜rá③❡❦✶✳✶✳
❖❜r✳ ✶✳✶✿ ❩♦❜r❛③❡♥í ❥❡❞♥♦t❧✐✈ý❝❤ ✈rst❡✈✱ ❦t❡ré ❞♦❤r♦♠❛❞② t✈♦➦í ❣r❛✜t✱ ♣➦❡✈③❛t♦ ③ ❬✺❪
❚②t♦ ✈rst✈② ❥s♦✉ ♦❞ s❡❜❡ ✈③❞á❧❡♥② ✸✸✺ ♣♠✳ ❩ ♦❜rá③❦✉✶✳✶ ❥❡ t❛❦té➸ ♣❛tr♥é✱ ➸❡ ♥❛ ❦❛➸❞ý ❛t♦♠
✉❤❧í❦✉ s❡ ♥❛✈❛③✉❥í ❞❛❧➨í t➦✐ ❛t♦♠② ✉❤❧í❦✉✳ ❏❡❞♥♦t❧✐✈é ✈rst✈② ✉❤❧í❦✉ s♣♦❧✉ ♣♦❤r♦♠❛❞➙ ❞r➸í ❥❡♥ ❞í❦②
✸
s❧❛❜ý♠ ✐♥t❡r❛❦❝í♠ ✲ ✈❛♥ ❞❡r ❲❛❛❧s♦✈ý♠ s✐❧á♠✳ ❏❛❦ ❧③❡ ✈✐❞➙t ✈ ♦❜rá③❦✉✶✳✶ ❥❡❞♥♦t❧✐✈é ✈rst✈② ♥❡❧❡➸í
♣➦í♠♦ ♥❛❞ s❡❜♦✉✱ ❛❧❡ ❥s♦✉ ✈➲↔✐ s♦❜➙ ♣♦s✉♥✉t② ✈ ✉s♣♦➦á❞á♥í ❆✲❇✲❆✲❇✱ ❥❡❞♥á s❡ ♦ t③✈✳ α✲❣r❛✜t✳ ❊①✐s✲
t✉❥❡ t❛❦é β✲❣r❛✜t✱ ❥❡❤♦➸ ✉s♣♦➦á❞á♥í ❥❡ ❆✲❇✲❈✲❆✲❇✲❈✱ ❝♦➸ ❥❡ ♣♦s❧♦✉♣♥♦st✱ ✈ ♥í➸ s❡ ♦♣❛❦✉❥❡ ❦❛➸❞á
t➦❡tí ✈rst✈❛ ❬✺❪✳ ❉í❦② s♥❛❞♥é♠✉ ♣♦❤②❜✉ ❥❡❞♥♦t❧✐✈ý❝❤ ✈rst❡✈ ❧③❡ ❣r❛✜t✉ ♣➦✐♣s❛t ♥➙❦t❡ré ✈❧❛st♥♦st✐
❥❛❦♦ ❥s♦✉ ♥❛♣➦í❦❧❛❞ ♠❛③✐✈♦st ❛ ♠➙❦❦♦st✳ ❉á❧❡ ❥❡ r♦③❞➙❧❡♥ ♥❛ ❥❡❞♥♦t❧✐✈é ❞r✉❤② ✲ ♣➦ír♦❞♥í✱ ✉♠➙❧ý
❛ s❦❡❧♥ý✳ P➦ír♦❞♥í ❣r❛✜t s❡ ♣♦✉➸í✈á ♣➦❡❞❡✈➨í♠ ❥❛❦♦ ➸ár♦✈③❞♦r♥ý ♠❛t❡r✐á❧✱ ❦ ✈ýr♦❜➙ t✉➸❡❦ ♥❡❜♦ ❦
✈ýr♦❜➙ ♦❝❡❧✐✳ ❯♠➙❧ý ❣r❛✜t s❧♦✉➸í ♣r♦ ✈ýr♦❜✉ ❡❧❡❦tr♦❞ ❛ ❞➦í✈❡ s❡ ♣♦✉➸í✈❛❧ ✐ ❥❛❦♦ ♠♦❞❡rát♦r ♥❡✉tr♦♥➲✳
P♦s❧❡❞♥í t②♣ ❣r❛✜t✉ ✲ s❦❡❧♥ý✱ ❥❡ ✈❤♦❞♥ý ♣r♦ ✈ýr♦❜✉ s♣❡❝✐á❧♥í❤♦ ❧❛❜♦r❛t♦r♥í❤♦ ✈②❜❛✈❡♥í✱ ♣r♦ ✈ýr♦❜✉
❡❧❡❦tr♦❞ sr❞❡↔♥í❝❤ st✐♠✉❧át♦r➲ ♥❡❜♦ ♣r♦té③ ✈♥✐t➦♥í❤♦ ✉❝❤❛✳ ❬✼❪
✶✳✷✳✷ ❉✐❛♠❛♥t
❉❛❧➨í ❛❧♦tr♦♣♥í ♠♦❞✐✜❦❛❝í ✉❤❧í❦✉ ❥❡ ❞✐❛♠❛♥t✳ ❉✐❛♠❛♥t ❥❡ ❥❡❞♥í♠ ③ ♥❡❥t✈r❞➨í♠ ♠❛t❡r✐á❧➲ ♥❛ s✈➙t➙✳
❆t♦♠② ✉❤❧í❦✉ ❥s♦✉ ❦ s♦❜➙ ✈á③á♥② ❦rát❦ý♠✐ ♣❡✈♥ý♠✐ ✈❛③❜❛♠✐ ❛ ❦❛➸❞ý ❛t♦♠ ✉❤❧í❦✉ ❥❡ st➦❡❞❡♠ t❡tr❛✲
❡❞r✉✱ ✈ ❥❡❤♦➸ r♦③í❝❤ s❡ ♥❛❝❤á③❡❥í ❞❛❧➨í ❛t♦♠② ✉❤❧í❦✉✳ ❑♦♥❦rét♥í ✈③❞á❧❡♥♦st ✈❛③❜② ❈✲❈ ❥❡ ✶✺✹ ♣♠✱
♣➦✐↔❡♠➸ ✈❛③❡❜♥é ú❤❧② ❥s♦✉ st❡❥♥é✳ ❚②t♦ ♣❡✈♥é ✈❛③❜② ♠❡③✐ ❛t♦♠② ✉❤❧í❦✉ ❞❡✜♥✉❥í ③á❦❧❛❞♥í ✈❧❛st♥♦st✐
❞✐❛♠❛♥t✉ ❥❛❦♦ ❥❡ t✈r❞♦st✱ ✈②s♦❦ý ❜♦❞ tá♥í ❛ ♥í③❦♦✉ ❝❤❡♠✐❝❦♦✉ r❡❛❦t✐✈✐t✉✳ ❯ ❞✐❛♠❛♥t➲ ❥❡ t②♣✐❝❦á
❦✉❜✐❝❦á ❦r②st❛❧♦✈á s♦✉st❛✈❛✳ ❬✹❪ ❱②✉➸✐tí ❞✐❛♠❛♥t➲ ❥❡ ③❡❥♠é♥❛ ✈❡ ➨♣❡r❦❛➦st✈í ❥❛❦♦ ❞r❛❤♦❦❛♠②✳ Pr♦
✈②❥á❞➦❡♥í ❤♠♦t♥♦st✐ ❞r❛❤♦❦❛♠➲ s❡ ♣♦✉➸í✈á s♣❡❝✐✜❝❦á ❥❡❞♥♦t❦❛ ❦❛rát✳ ❏❡❞❡♥ ♠❡tr✐❝❦ý ❦❛rát ♦❞✲
♣♦✈í❞á ✵✱✷ ❣r❛♠➲♠✳ ❉✐❛♠❛♥t② s❡ ♥❛✈í❝ ✐ r➲③♥➙ ✉♣r❛✈✉❥í ✲ s♣❡❝✐✜❝❦② ✈②❜r♦✉➨❡♥ý ❞✐❛♠❛♥t s❡ ♣❛❦
♥❛③ý✈á ❜r✐❧✐❛♥t✳ ❈❡❧❦♦✈á ❦✈❛❧✐t❛ t➙❝❤t♦ ❞✐❛♠❛♥t➲ s❡ ♣❛❦ ✉r↔✉❥í ♣♦❞❧❡ ✹❈ t➦í❞✿ ❝❛r❛t ✲ ✈á❤❛✱ ❝❧❛r✐t② ✲
↔✐st♦t❛✱ ❝♦❧♦✉r ✕ ❜❛r✈❛✱ ❝✉t ✕ ❜r✉s✳ ❬✽❪ ❊①✐st✉❥í ✐ ❞✐❛♠❛♥t② ✉♠➙❧❡ ✈②r♦❜❡♥é✱ ❦t❡ré s❡ ♣♦✉➸í✈❛❥í ❥❛❦♦
❜r✉s♥ý ♠❛t❡r✐á❧✳ ❯♠➙❧❡ ✈②t✈♦➦❡♥é ❞✐❛♠❛♥t② s❡ ✈②rá❜í ③ ❣r❛✜t✉✱ ❥❡♥➸ ❥❡ r♦③♣✉➨t➙♥ ✈ r♦③t❛✈❡♥é♠
❦♦✈✉ ③❛ ✈②s♦❦ý❝❤ t❡♣❧♦t ❛ t❧❛❦➲✳ ❬✹❪
❖❜r✳ ✶✳✷✿ ❙t❡r❡♦❝❤❡♠✐❝❦é ✉s♣♦➦á❞á♥í ❞✐❛♠❛♥t✉✱ ♣➦❡✈③❛t♦ ③ ❬✹❪
✶✳✷✳✸ ❋✉❧❧❡r❡♥②
❋✉❧❧❡r❡♥② ❥s♦✉ ❞❛❧➨í ❛❧♦tr♦♣♥í ♠♦❞✐✜❦❛❝í ✉❤❧í❦✉✳ ◆❛ r♦③❞í❧ ♦❞ ❞✐❛♠❛♥t✉ ❛ ❣r❛✜t✉ ❥s♦✉ ✈②t✈♦➦❡♥②
✉♠➙❧❡ ❛ ✈❡ ✈♦❧♥é ♣➦ír♦❞➙ ❥❡ ♥❡❧③❡ ♥❛❧é③t✳ ❏❛❦♦ ♣r✈♥í ❢✉❧❧❡r❡♥ ♣➦✐♣r❛✈✐❧❛ ✈➙❞❡❝❦á s❦✉♣✐♥❛ ✈❡❞❡♥á
♣r♦❢❡s♦r❡♠ ❍✳ ❑r♦t❡♠ ❥✐➸ ♣♦↔át❦❡♠ ✽✵✳ ❧❡t ✷✵✳ st♦❧❡tí✳ ❚❡❤❞② ♣➦✐ ❥❡❞♥♦♠ ③❡ s✈ý❝❤ ❡①♣❡r✐♠❡♥t➲
♥á❤♦❞♥➙ ③❥✐st✐❧✐✱ ➸❡ ♣➦✐ ❧❛s❡r♦✈é♠ ♦❞♣❛➦♦✈á♥í ❣r❛✜t✉ ✈③♥✐❦❛❥í ❦❧❛str② t✈♦➦❡♥é s✉❞ý♠ ♣♦↔t❡♠ ❛t♦♠➲
✉❤❧í❦✉✳ ❬✾❪P➦✐ ❞❛❧➨í♠ ③❦♦✉♠á♥í ❜②❧♦ ③❥✐➨t➙♥♦✱ ➸❡ t②t♦ ❦❧❛str② ✈②t✈á➦❡❥í ✉③❛✈➦❡♥é str✉❦t✉r② t✈♦➦❡♥②
✹
♣➙t✐ ❛ ➨❡st✐↔❡t♥ý♠✐ ✉❤❧í❦❛tý♠✐ ❝②❦❧② ♣➦✐♣♦♠í♥❛❥í❝í t✈❛r❡♠ ❢♦t❜❛❧♦✈ý ♠í↔ ✭✈✐③✳♦❜r✳✶✳✸✮✳ ❬✹❪ ◆á③❡✈
❢✉❧❧❡r❡♥ ❜②❧ ♣➦✐➦❛③❡♥ tét♦ ✐♠♣♦③❛♥t♥í str✉❦t✉➦❡ ♣♦❞❧❡ ❥♠é♥❛ ❛r❝❤✐t❡❦t❛ ❘✳ ❇✳ ❋✉❧❧❡r❡♥❛✱ ❥❡♥➸ ♥❛✈r✲
❤♦✈❛❧ ❦♦♥str✉❦❝❡ ♣➦✐♣♦♠í♥❛❥í❝í ♣rá✈➙ t❡♥t♦ t✈❛r✳
❖❜r✳ ✶✳✸✿ ❛✮♠♦❧❡❦✉❧❛ ❢✉❧❧❡r❡♥✉ ❜✮ ❜✉❞♦✈❛ ♥❛✈r❤♥✉t❛ ❘✳❇✳❋✉❧❧❡r❡♠ ✈ ▼♦♥tr❡❛❧✉✱ ♣➦❡✈③❛t♦ ③ ❬✾❪
✶✳✷✳✹ ❯❤❧í❦♦✈é ♥❛♥♦tr✉❜✐❝❡ ❛ ❝✐❜✉❧❡
▼❡③✐ ❞❛❧➨í ❛❧♦tr♦♣♥í ♠♦❞✐✜❦❛❝❡ ✉❤❧í❦✉✱ ❦t❡ré ❥s♦✉ ♠é♥➙ ③♥á♠é✱ ♣❛t➦í ✉❤❧í❦♦✈é ♥❛♥♦tr✉❜✐❝❡ ♥❡❜♦❧✐
❈◆❚ ✲ ❝❛r❜♦♥ ♥❛♥♦t✉❜❡s✳ ❱❧❛st♥♦st✐ ❈◆❚ ③á✈✐sí ♣➦❡❞❡✈➨í♠ ♥❛ ❦✈❛❧✐t➙ ❈◆❚ ❛ ❥❡❥✐❝❤ t②♣✉✳ ▲③❡ ❥❡
r♦③❞➙❧✐t ❞♦ t➦❡❝❤ ③á❦❧❛❞♥í❝❤ t②♣➲✳ Pr✈♥í♠ t②♣❡♠ ❥s♦✉ ✈í❝❡✈rst✈é ♥❛♥♦tr✉❜✐❝❡ ♥❡❜♦❧✐ ▼❲❈◆❚ ✕
♠✉❧t✐✇❛❧❧❡❞ ❝❛r❜♦♥ ♥❛♥♦t✉❜❡s✱ ❞r✉❤ý t②♣ t✈♦➦í ❥❡❞♥♦✈rst✈é ♥❛♥♦tr✉❜✐❝❡ ♥❡❜♦❧✐ ❙❲❈◆❚ ✕ s✐♥❣❧❡✲
✇❛❧❧❡❞ ❝❛r❜♦♥ ♥❛♥♦t✉❜❡s ❛ ♣♦s❧❡❞♥í♠ t➦❡tí♠ t②♣❡♠ ❥s♦✉ tr✉❜✐❝❡ t③✈✳ ♣❡❛♣♦❞✱ ♣❧♥➙♥é ♥➙❥❛❦ý♠✐
♥❡✉❤❧í❦♦✈ý♠✐ ❛t♦♠② ✈✐③ ♦❜rá③❡❦ ✶✳✹✳ ❬✶✵❪ ❚❡♦r❡t✐❝❦② s✐ ❧③❡ ♣➦❡❞st❛✈✐t ✈③♥✐❦ ❥❡❞♥♦✈rst✈é ♥❛♥♦tr✉❜✐❝❡
❥❛❦♦ sr♦❧♦✈á♥í ❥❡❞✐♥é ✈rst✈② ❣r❛✜t✉ ❛ ❦♦♥❡❝ t❛❦t♦ ✈③♥✐❦❧é ♥❛♥♦tr✉❜✐❝❡ ♠➲➸❡ ❜ýt ♦t❡✈➦❡♥ý ♥❡❜♦
✉③❛✈➦❡♥ý✳ Pr♦ ✉③❛✈➦❡♥ý ❦♦♥❡❝ ❥❡ ♥✉t♥á✱ ③ ❣❡♦♠❡tr✐❝❦é❤♦ ❤❧❡❞✐s❦❛✱ ♣➦ít♦♠♥♦st ♣➙t✐ú❤❡❧♥í❦➲✱ ❞í❦②
♥✐♠➸ ♠➲➸❡ ❞♦❥ít ❦ ✉③❛✈➦❡♥í ✭♣♦❞♦❜❛ ✉ ❢✉❧❧❡r❡♥✉ ❈60✮✳ ❚②♣✐❝❦é ❤♦❞♥♦t② ✈♥✐t➦♥í❤♦ ♣r➲♠➙r✉ ❙❲❈◆❚
❥s♦✉ ✶✱✷ ✲ ✶✱✹ ♥♠✱ ❞é❧❦❛ ♥❛❜ý✈á ❤♦❞♥♦t ✈ ➦á❞✉ ♠✐❦r♦♠❡tr➲✳ ❬✾❪ Pr♦ ▼❲❈◆❚ ❥s♦✉ ❤♦❞♥♦t② ✈♥✐t➦♥í❤♦
♣r➲♠➙r✉ ♦❦♦❧♦ ✶ ✲ ✸ ♥♠✱ ✈♥➙❥➨í ♣r➲♠➙r ✷ ✲ ✷✵ ♥♠✱ ❞é❧❦❛ ❥❡ ✈ ➦á❞✉ ♠✐❦r♦♠❡tr➲✳ ❱ýr♦❜❛ ✉❤❧í❦♦✈ý❝❤
♥❛♥♦tr✉❜✐❝ ♣r♦❜í❤á ♥❡❥↔❛st➙❥✐ ♣♦♠♦❝í ❡❧❡❦tr✐❝❦é❤♦ ♦❜❧♦✉❦✉ ❣r❛✜t♦✈ý❝❤ ❡❧❡❦tr♦❞ ✭↔❛st♦ ♣➦ít♦♠♥♦st
❦❛t❛❧②③át♦r➲ ❋❡✱ ❈♦✱ ◆✐✮✳ ❉❛❧➨í ♠❡t♦❞❛ ✈ýr♦❜② ❥❡ ♥❛♣➦í❦❧❛❞ ♣♦♠♦❝í ❛❜❧❛❝❡ ✉❤❧í❦♦✈é❤♦ ♣♦✈r❝❤✉ ✈
♣❡❝✐✳ ❬✾❪ ❯❤❧í❦♦✈é ♥❛♥♦tr✉❜✐❝❡ s❡ ✈ ❞♥❡➨♥í ❞♦❜➙ s❧♦✉➸í ♣r♦ ✈ýr♦❜✉ s❡♥s♦r➲✱ s♦♥❞✱ ❞❡t❡❦t♦r➲✱ ❛❧❡ t❛❦é
♥❛♣➦í❦❧❛❞ ♣r♦ ✈ýr♦❜✉ ❦♦♠♣♦③✐t♥í❝❤ ♥❛♥♦♠❛t❡r✐á❧➲✳ ❬✶✶❪
▼❡③✐ ❞❛❧➨í ❛❧♦tr♦♣♥í ♠♦❞✐✜❦❛❝❡ ✉❤❧í❦✉ ♣❛t➦í ✉❤❧í❦♦✈é ❝✐❜✉❧❡ ✭❝❛r❜♦♥ ♦♥✐♦♥✮✳ ❑♦❧❡♠ ♥❡❥♠❡♥➨í❤♦
❢✉❧❧❡r❡♥✉ ✈②r➲st❛❥í ❞❛❧➨í ❛ ❞❛❧➨í ❢✉❧❧❡r❡♥②✱ ❦t❡ré s❡ ♥❛ ♥➙❥ ♥❛❜❛❧✉❥í ❛ ✈ýs❧❡❞♥ý út✈❛r ♣❛❦ ♣➦✐♣♦♠í♥á
❝✐❜✉❧✐ ❦✈➲❧✐ ❥❡❤♦ ✈rst❡✈♥❛té str✉❦t✉➦❡✳ ❬✾❪ ◆➙❦t❡ré t②♣② ❧③❡ ✈✐❞➙t ♥❛ ♦❜rá③❦✉ ✶✳✺✳
✺
❖❜r✳ ✶✳✹✿ ❉r✉❤② ❈◆❚ ✭③❧❡✈❛✮✿ ✈í❝❡✈rst✈é ▼❲❈◆❚✱ ❥❡❞♥♦✈rst✈é ❙❲❈◆❚ ❛ ♣❡❛♣♦❞❀ ♣➦❡✈③❛t♦ ③ ❬✶✵❪
❖❜r✳ ✶✳✺✿ P♦↔ít❛↔♦✈é ♠♦❞❡❧② ✉❤❧í❦♦✈ý❝❤ ❝✐❜✉❧í❀ ♣➦❡✈③❛t♦ ③ ❬✾❪
✻
✷ ●❘❆❋➱◆ ❆ ❏❊❍❖ ❱▲❆❙❚◆❖❙❚■
✷✳✶ ❈♦ ❥❡ t♦ ❣r❛❢é♥
●r❛❢é♥ ❥❡ ❥❡❞♥♦✈rst❡✈♥ý ♠❛t❡r✐á❧ t✈♦➦❡♥ý ❛t♦♠② ✉❤❧í❦✉ ✉s♣♦➦á❞❛♥ý❝❤ ❞♦ ➨❡st✐ú❤❡❧♥í❦➲✳ Pr✈♥í
❣r❛❢é♥ ❜②❧ ✈②t✈♦➦❡♥ ❢②③✐❦② ●❡✐♠❡♠ ❛ ◆♦✈♦s❡❧♦✈❡♠✱ ❦❞②➸ ❦♦✉s❦② ❣r❛❢é♥✉ ③ís❦❛❧✐ ③ ❣r❛✜t✉ ♣♦♠♦❝í
♦❜②↔❡❥♥é ❧❡♣✐❝í ♣ás❦②✳ ❚❡♥t♦ ♣♦st✉♣ s❡ ♥❛③ý✈á ♠❡t♦❞❛ ♠✐❦r♦♠❡❝❤❛♥✐❝❦é❤♦ ➨tí♣á♥í✳ ❱ r♦❝❡ ✷✵✶✵
♦❜❞r➸❡❧✐ t✐t♦ ❢②③✐❝✐ ③❛ s✈➲❥ ✈ý③❦✉♠ ◆♦❜❡❧♦✈✉ ❝❡♥✉ ③❛ ❢②③✐❦✉✳ ❉í❦② tét♦ ❥❡❞♥♦❞✉❝❤é ❛ ú↔✐♥♥é ♠❡✲
t♦❞➙ s❡ ❣r❛❢é♥♦✈á ✈➙❞❛ r♦③➨í➦✐❧❛ ✈❡❧♠✐ r②❝❤❧❡✳ ❉❛❧➨í ❞➲✈♦❞ ♣r♦↔ s❡ st❛❧ ❣r❛❢é♥ ✈ ❦rát❦é♠ ↔❛s❡ ✈❡❧♠✐
♣♦♣✉❧ár♥í ❥❡ s❦✉t❡↔♥♦st✱ ➸❡ ❥❡ t♦ ♣r✈♥í ♣➦í❦❧❛❞ ✷❉ ❛t♦♠♦✈ý❝❤ ❦r②st❛❧➲✱ ❥❡❥✐❝❤➸ ✈❧❛st♥♦st✐ s❡ ❧✐➨í ♦❞
✈❧❛st♥♦stí ♦❜❥❡♠♦✈ý❝❤ ♠❛t❡r✐á❧➲✳ P♦❞r♦❜♥➙❥➨í ♣♦❤❧❡❞ ♥❛ ✈❧❛st♥♦st✐ ❣r❛❢é♥✉ ♦❞❤❛❧✉❥❡ ❥❡❤♦ s✉♣❡r✲
❧❛t✐✈②✳ ●r❛❢é♥ ❥❡ ♥❡❥t❡♥↔í✱ ♥❡❥♣❡✈♥➙❥➨í✱ ❡①tré♠♥➙ t❡♣❡❧♥➙ ❛ ❡❧❡❦tr✐❝❦② ✈♦❞✐✈ý✱ ❛❧❡ t❛❦é ❦♦♠♣❧❡t♥➙
♥❡♣r♦♣✉st♥ý✳ ❬✶✷❪ Pr♦ ♣♦❝❤♦♣❡♥í ✉s♣♦➦á❞á♥í ❛t♦♠➲ ✈ ❣r❛❢é♥✉ ❥❡ t➦❡❜❛ ✈②s✈➙t❧✐t ♣♦❥❡♠ ❤②❜r✐❞✐③❛❝❡
✈✐③ ♣♦❞❦❛♣✐t♦❧❛ ✷✳✶✳✶✳ ❱ ❞♥❡➨♥í ❞♦❜➙ ❥s♦✉ ③♥á♠② ✐ ❞❛❧➨í ♠❛t❡r✐á❧② ❥❡❥✐❝❤➸ ❥❡❞✐♥á ✈rst✈❛ ✈②t✈á➦í
✷❉ ❛t♦♠♦✈é ❦r②st❛❧② ✲ ♠❡③✐ t②♣✐❝❦é ♣❛t➦í ♥❛♣➦í❦❧❛❞ ♠♦♥♦✈rst✈❛ ✉ s✉❧✜❞✉ ♠♦❧②❜❞❡♥✐↔✐té❤♦ ♥❡❜♦
♥✐tr✐❞✉ ❜♦r✐té❤♦✳ ❬✶✷❪
✷✳✶✳✶ ❱ý③♥❛♠ s♣2 ❤②❜r✐❞✐③❛❝❡ ✉ ❣r❛❢é♥✉
❖❜❡❝♥á ❡❧❡❦tr♦♥♦✈á str✉❦t✉r❛ ✉❤❧í❦✉ ❥❡ ✶s2✷s2✷♣2✱ ♣➦✐↔❡♠➸ ❞✈❛ ❡❧❡❦tr♦♥② ✈ ♦r❜✐t❛❧✉ ✶s2 ❥s♦✉ ✈á③á♥②
❦ ❥á❞r✉ ♣❡✈♥➙✱ ❡❧❡❦tr♦♥② s❡ ♥❡ú↔❛st♥í t✈♦r❜② ♦❦♦❧♥í❝❤ ✈❛③❡❜✳ ❩❜②❧é ↔t②➦✐ ❡❧❡❦tr♦♥② ✉♠íst➙♥é ✈
♦r❜✐t❛❧❡❝❤ ✷s2 ❛ ✷♣2 ❥s♦✉ ✈á③á♥② ❦ ❥á❞r✉ s❧❛❜➙❥✐ ✲ ♠♦❤♦✉ ✈②t✈á➦❡t s ♦❦♦❧♥í♠✐ ❛t♦♠② ✈❛③❜②✳ ❊♥❡r❣✐♦✈ý
r♦③❞í❧ ✷♣ ♦r❜✐t❛❧➲ ✭✷♣x✱ ✷♣y ❛ ✷♣z✮ ❛ ✷s ♦r❜✐t❛❧✉ ❥❡ ③❤r✉❜❛ ✹ ❡❱ ✭✈✐③ ♦❜rá③❡❦ ✷✳✶✮✳ ❚❛t♦ ❡♥❡r❣✐❡ ❥❡ ✈❡
sr♦✈♥á♥í s ✈❛③❡❜♥♦✉ ❡♥❡r❣✐í ♠❛❧á✳ ❱❧♥♦✈é ❢✉♥❦❝❡ t➙❝❤t♦ ↔t②➦ ❡❧❡❦tr♦♥➲ s❡ ♠♦❤♦✉ ✈③á❥❡♠♥➙ ♠ís✐t✱
↔í♠➸ s❡ ♠➙♥í ♦❜s❛③❡♥í ❥❡❞♥♦❤♦ ✷s ❛ t➦í ✷♣ ❛t♦♠♦✈ý❝❤ ♦r❜✐t❛❧➲✳ ❉➲✈♦❞❡♠ t♦❤♦t♦ ♠ís❡♥í ❥❡ ③✈ý➨❡♥í
✈❛③❡❜♥é ❡♥❡r❣✐❡ ❛t♦♠✉ ✉❤❧í❦✉ s ♦❦♦❧♥í♠✐ ❛t♦♠②✳ ▼í❝❤á♥í ❛ s❥❡❞♥♦❝♦✈á♥í ❛t♦♠♦✈ý❝❤ ♦r❜✐t❛❧➲ ✷s ❛
✷♣ s❡ ♥❛③ý✈á ❤②❜r✐❞✐③❛❝❡✳ ❬✶✸❪
❖❜r✳ ✷✳✶✿ ❊❧❡❦tr♦♥♦✈á ❦♦♥✜❣✉r❛❝❡ ♣r♦ ✉❤❧í❦ ✈ ③á❦❧❛❞♥í♠ ✭✈❧❡✈♦✮ ❛ ❡①❝✐t♦✈❛♥é♠ st❛✈✉❀ ♣➦❡✈③❛t♦
③ ❬✶✹❪
Pr♦ ❣r❛❢é♥ ❥❡ t②♣✐❝❦á t③✈✳ s♣2 ❤②❜r✐❞✐③❛❝❡✱ ❝♦➸ ❥❡ t❡❞② ❤②❜r✐❞✐③❛❝❡ ❞✈♦✉ ♦r❜✐t❛❧➲ ✷♣ ❛ ❥❡❞♥♦❤♦
✼
♦r❜✐t❛❧✉ ✷s✳ P♦st✉♣ tét♦ ❤②❜r✐❞✐③❛❝❡ ❥❡ ③♦❜r❛③❡♥ ♥❛ ♦❜rá③❦✉ ✷✳✷ ✭❛✮✳ ❱ ♣r✈♥í♠ ❦r♦❦✉ ❞♦❝❤á③í ❦
❡①❝✐t❛❝✐ ❡❧❡❦tr♦♥➲ ✈ ♦r❜✐t❛❧❡❝❤ ✷s ❛ ✷♣✱ ♣➦✐↔❡♠➸ ❡❧❡❦tr♦♥② s❡ ✉♠✐s➫✉❥í t❛❦✱ ❛❜② ❜②❧② ♦❞ s❡❜❡ ❝♦
♠♦➸♥á ♥❡❥❞á❧❡ ❛ tí♠ ❥❡❥✐❝❤ ♦❞♣✉❞✐✈é sí❧② ❜②❧② ❝♦ ♥❡❥♠❡♥➨í✳ ❚➦✐ ❤②❜r✐❞✐③♦✈❛♥é ♦r❜✐t❛❧② s♣2 ❧❡➸í ✈
❥❡❞♥é r♦✈✐♥➙ ❛ ú❤❡❧ ❥❞♦✉❝í ♦❞ ♦s② ❥❡❞♥♦❤♦ ❤②❜r✐❞✐③♦✈❛♥é❤♦ ♦r❜✐t❛❧✉ ❦ ♦s❡ ❞r✉❤é❤♦ ❥❡ ♣➦❡s♥➙ ✶✷✵◦✳
❏❛❦ ❧③❡ ✈✐❞➙t ♥❛ ♦❜rá③❦✉ ✷✳✷ ✭❜✮ ♥❡❤②❜r✐❞✐③♦✈❛♥ý ♦r❜✐t❛❧ ♣ ❧❡➸í ✈ r♦✈✐♥➙ ❦♦❧♠é ♥❛ ❤②❜r✐❞✐③♦✈❛♥é
♦r❜✐t❛❧② s♣2✳ ❏❡st❧✐➸❡ ♣❛❦ ❞♦❥❞❡ ❦ ♣➦❡❦r②tí ❞✈♦✉ ❤②❜r✐❞✐③♦✈❛♥ý❝❤ ♦r❜✐t❛❧➲ r➲③♥ý❝❤ ❛t♦♠➲✱ ✈③♥✐❦á
♠❡③✐ t➙♠✐t♦ ❛t♦♠② ✈❛③❜❛ σ ✳ ◆❛♦♣❛❦ ♣➦✐ ♣➦❡❦r②tí ♥❡❤②❜r✐❞✐③♦✈❛♥ý❝❤ ♦r❜✐t❛❧➲ ♣ ✈③♥✐❦á ✈❛③❜❛ π✳
❘♦③❞í❧ ♠❡③✐ t➙♠✐t♦ ✈❛③❜❛♠✐ ❥❡✱ ➸❡ ✈❛③❜❛ σ ❥❡ s✐❧♥➙❥➨í ❛ ♠íst♦ ♠❛①✐♠á❧♥í❤♦ ♣➦❡❦r②✈✉ ♦r❜✐t❛❧➲ ❧❡➸í ♥❛
s♣♦❥♥✐❝✐ ❥❛❞❡r ✈á③❛♥ý❝❤ ❛t♦♠➲✱ ❦❞❡➸t♦ ✈❛③❜❛ π ❥❡ s❧❛❜➨í ❛ ♣♦❧♦❤❛ ♠❛①✐♠á❧♥í❤♦ ♣➦❡❦r②✈✉ ♦r❜✐t❛❧➲
♥❡❧❡➸í ♥❛ s♣♦❥♥✐❝✐ ❥❛❞❡r ✈á③❛♥ý❝❤ ❛t♦♠➲ ✭♦❜❡❝♥➙ ♥❛ ❞✈♦✉ ♠íst❡❝❤✮✳ ❬✶✺❪
❖❜r✳ ✷✳✷✿ ❛✮ ♣♦st✉♣ ❤②❜r✐❞✐③❛❝❡ ❜✮ ♣r♦st♦r♦✈é ✉s♣♦➦á❞á♥í t➦í ❤②❜r✐❞✐③♦✈❛♥ý❝❤ s♣2 ♦r❜✐t❛❧➲ ❛ ♥❡✲
❤②❜r✐❞✐③♦✈❛♥é❤♦ ♣ ♦r❜✐t❛❧✉❀ ♣➦❡✈③❛t♦ ❛ ✉♣r❛✈❡♥♦ ③✿ ❬✶✺❪
●r❛❢é♥ s ❤②❜r✐❞✐③❛❝í s♣2 t❡❞② ✈②t✈á➦í ♣r❛✈✐❞❡❧♥é ➨❡st✐ú❤❡❧♥í❦② ♣➦✐♣♦♠í♥❛❥í❝í ✈↔❡❧í ♣❧ást✈❡✱ ❥❛❦ ❥❡
♣❛tr♥é ♥❛ ♦❜rá③❦✉ ✷✳✸✳ ❑❛➸❞ý ❛t♦♠ ✉❤❧í❦✉ ❥❡ ✈á③á♥ ❦ ❞❛❧➨í♠ t➦❡♠ ❛t♦♠➲♠ ✉❤❧í❦✉ s✐❧♥♦✉ ❦♦✈❛❧❡♥t♥í
✈❛③❜♦✉ ❛ ♣➦✐t♦♠ ✈➸❞② ❥❡❞❡♥ ❡❧❡❦tr♦♥ ✈②t✈á➦í π ✈❛③❜✉✳ ❬✶✻❪
❖❜r✳ ✷✳✸✿ ❙tr✉❦t✉r❛ ❣r❛❢é♥✉ ✲ t➦✐ ✈❛❧❡♥↔♥í ❡❧❡❦tr♦♥② ❥s♦✉ ✈á③á♥② ❦ ❥✐♥ý♠ ❛t♦♠➲♠ ✉❤❧í❦✉✱ ↔t✈rtý
❡❧❡❦tr♦♥ ✈②t✈á➦í s❧❛❜♦✉ π ✈❛③❜✉❀ ♣➦❡✈③❛t♦ ③✿ ❬✶✻❪
✽
✷✳✷ ❱❧❛st♥♦st✐ ❣r❛❢é♥✉
✷✳✷✳✶ ❱❧❛st♥♦st✐ ❛ ♣ás♦✈á str✉❦t✉r❛ ❣r❛❢é♥✉
●r❛❢é♥ ❥❡ ✈ý❥✐♠❡↔♥ý ♠❛t❡r✐á❧✳ ❏❛❦ ❥❡ ③♠í♥➙♥♦ ✈ ♣♦❞❦❛♣✐t♦❧❡ ✷✳✶✱ ♠á ✈ý❜♦r♥♦✉ t❡r♠á❧♥í ✈♦❞✐✈♦st
✭✺✵✵✵❲✳♠−1❑−1✮✱ ❥❡ ✈❡❧✐❝❡ ♣❡✈♥ý ✲ ❨♦✉♥❣➲✈ ♠♦❞✉❧ ♣r✉➸♥♦st✐ ≈ 1❚P❛✱ ❥❡❤♦ t❡♦r❡t✐❝❦á ♣♦❤②❜❧✐✈♦st
❡❧❡❦tr♦♥➲ ❞♦s❛❤✉❥❡ ❛➸ ≈ 200000 ❝♠2❱−1s−1 ❛ ♠á t❛❦é ✈②s♦❦♦✉ ♦♣t✐❝❦♦✉ ♣r♦♣✉st♥♦st ≈ 97.7 ❬✶✼❪✳
Pás♦✈á str✉❦t✉r❛ s❡ ③♥❛↔♥➙ ❧✐➨í ♦❞ ❥✐♥ý❝❤ ♠❛t❡r✐á❧➲ ✈✐③ ♦❜rá③❡❦ ✷✳✹✳ ●r❛❢é♥ ❧③❡ ♣♦✈❛➸♦✈❛t ③❛ ♣♦❧♦❦♦✈✱
❥❡❤♦➸ s♣❡❝✐✜❦✉♠ ❥❡ ❛❜s❡♥❝❡ ③❛❦á③❛♥é❤♦ ♣ás✉✳ ❱❛❧❡♥↔♥í ❛ ✈♦❞✐✈♦st♥í ♣ás s❡ ❞♦tý❦❛❥í ✈❡ ❞✈♦✉ ❜♦❞❡❝❤
❇r✐❧❧♦✉✐♥♦✈② ③ó♥② ✭↔❛st♦ ✈ ❧✐t❡r❛t✉➦❡ ③♥❛↔❡♥♦ ❥❛❦♦ ❜♦❞② ❑ ❛ ❑✬ ✱ ♥❛③ý✈á♥② t❛❦té➸ ❉✐r❛❝♦✈② ❜♦❞②✮✱
❝♦➸ ✈②❝❤á③í ③ ❤❡①❛❣♦♥á❧♥í s②♠❡tr✐❡ ❦r②st❛❧♦✈é ♠➦í➸❦② ❣r❛❢é♥✉✳ ❱ t➙❝❤t♦ ❜♦❞❡❝❤ ❞♦❝❤á③í ❦ ♣➦❡❦r②✈✉
♦r❜✐t❛❧➲ ♣ ✭✈✐③✷✳✶✳✶✮ ❛ ♥ás❧❡❞♥é♠✉ ✈②t✈♦➦❡♥í ✈❛③❡❜ π ❛ π∗✱ ❝♦➸ ♠á ③❛ ♥ás❧❡❞❡❦ ❛❜s❡♥❝✐ ③❛❦á③❛♥é❤♦
♣ás✉✳ ❬✶✷❪
❖❜r✳ ✷✳✹✿ Pás♦✈á str✉❦t✉r❛ ❣r❛❢é♥✉✱ ✈♦❞✐✈♦st♥í ❛ ✈❛❧❡♥↔♥í ♣ás ❞♦tý❦❛❥í❝í s❡ ✈ ❉✐r❛❝♦✈ý❝❤ ❜♦❞❡❝❤ ✲
✈ý➦❡③ ♥❛♣r❛✈♦ ✉❦❛③✉❥❡ ♦❦♦❧í ❥❡❞♥♦❤♦ ❉✐r❛❝♦✈❛ ❜♦❞✉❀ ♣➦❡✈③❛t♦ ③✿ ❬✶✽❪
❉❛❧➨í ③❛❥✐♠❛✈♦stí ✉ ❣r❛❢é♥✉ ❥❡ s❦✉t❡↔♥♦st✱ ➸❡ ✈ t➙❝❤t♦ ❜♦❞❡❝❤ ❥❡ ❞✐s♣❡r③♥í ③á✈✐s❧♦st ✭③á✈✐s❧♦st
❡♥❡r❣✐❡ ❊ ♥❛ ❤②❜♥♦st✐ ♣✮ té♠➙➦ ❧✐♥❡ár♥í ♥❡❜♦❧✐ E = ±c|p|✱ ❦❞❡ ❝ ❥❡ r②❝❤❧♦st s✈➙t❧❛✳ ◆♦s✐↔❡ ♥á❜♦❥❡
③❞❡ ♠➲➸❡♠❡ ♣♦✈❛➸♦✈❛t ③❛ r❡❧❛t✐✈✐st✐❝❦é ♥❡❤♠♦t♥é ↔ást✐❝❡✳ P➦í✈❧❛st❡❦ ✒♥❡❤♠♦t♥ý✏ s❡ ✉➸í✈á ♣r♦t♦✱
➸❡ ③ ❊✐♥st❡✐♥♦✈② r❡❧❛t✐✈✐st✐❝❦é r♦✈♥✐❝❡ ♣r♦ ❡♥❡r❣✐✐ ❛ ❤②❜♥♦st t❥✳ E = c
√
p2 +m20c
2 s❡ ③ís❦á ❤♦❞♥♦t❛
❧✐♥❡ár♥í ❞✐s♣❡r③♥í ③á✈✐s❧♦st✐ t❥✳ E = ±c|p| ♣r♦ ♣➦í♣❛❞✱ ❦❞② ❥❡ ❦❧✐❞♦✈á ❤♠♦t♥♦st m0 ♥✉❧♦✈á ✭✈❡
s❦✉t❡↔♥♦st✐ ✈➨❛❦ ♥✉❧♦✈á ♥❡♥í✱ ♣♦✉③❡ ❞✐s♣❡r③♥í r❡❧❛❝❡ ✈ ❜❧í③❦♦st✐ ❉✐r❛❝♦✈ý❝❤ ❜♦❞➲ t♦♠✉ ♦❞♣♦✈í❞á✮✳
❚②t♦ ↔ást✐❝❡ s❡ ✈ ❧✐t❡r❛t✉➦❡ ↔❛st♦ ♦③♥❛↔✉❥í t❛❦té➸ ❥❛❦♦ ♥❡❤♠♦t♥é ❉✐r❛❝♦✈② ❢❡r♠✐♦♥②✳ ❘②❝❤❧♦st ↔ást✐❝
❞♦s❛❤✉❥❡ ❤♦❞♥♦t ✶✵ ✵✵✵♠✳s−1 ❛ ♥❛③ý✈á s❡ ❋❡r♠✐❤♦ r②❝❤❧♦st✱ ❦t❡rá ❥❡ ✈ ❣r❛❢é♥✉ ❝❝❛ ✶✵① ✈➙t➨í ♥❡➸
st➦❡❞♥í r②❝❤❧♦st ✉ ❥✐♥ý❝❤ ♣♦❧♦✈♦❞✐↔➲✳ ❩ t♦❤♦t♦ ❞➲✈♦❞✉ ❥❡ ❣r❛❢é♥ ♣➦❡❞✉r↔❡♥ ❦ ✉♣❧❛t♥➙♥í ✈ r②❝❤❧ý❝❤
❡❧❡❦tr♦♥✐❝❦ý❝❤ s♦✉↔ást❦á❝❤✳ ❬✶✾❪
✷✳✷✳✷ Pr✈♥í ✷❉ ❦r②st❛❧
●r❛❢é♥ ♣➦❡❦r❛↔✉❥❡ ❤r❛♥✐❝❡ ✐ ✈ ♦❜❧❛st✐ ❡①✐st❡♥❝❡ ✷❉ ❦r②st❛❧➲✳ ❉➦í✈❡ ❜②❧ r♦③➨í➦❡♥ ♥á③♦r✱ ➸❡ ✷❉ ❦r②st❛❧②
♥❡♠♦❤♦✉ ❡①✐st♦✈❛t✳ ❖ t♦♠ s✈➙❞↔í ✐ ③♥➙♥í ▼❡r♠✐♥♦✈❛✲❲á❣♥❡r♦✈❛ t❡♦ré♠✉✱ ❦t❡rý ❜②❧ ❞➦í✈❡ ♣♦✈❛➸♦✈á♥
③❛ s♣rá✈♥ý✳ ❩á✈➙r t♦❤♦t♦ t❡♦ré♠✉ ③♥í✿ ✒◆❡❡①✐st✉❥í ❥❡❞♥♦✲ ❛ ❞✈♦❥❞✐♠❡♥③✐♦♥á❧♥í ❦r②st❛❧② ♣➦✐ ❥❛❦é❦♦❧✐✈
♥❡♥✉❧♦✈é t❡♣❧♦t➙✳✏ ❬✶✾❪ ●r❛❢é♥ t❡♥t♦ t❡♦ré♠ ♣r♦❧♦♠✐❧✳ Pr✐♥❝✐♣ ✈③♥✐❦✉ ❣r❛❢é♥✉ s♣♦↔í✈á ✈ t♦♠✱ ➸❡ s❡
✢✉❦t✉❛❝❡ ♦❜❥❡✈✉❥í ♥❡❥❡♥ ✈ r♦✈✐♥➙✱ ❛❧❡ ✐ ❦♦❧♠♦ ♥❛ ♥í✳ ❏❡st❧✐➸❡ ❥s♦✉ t②t♦ ✢✉❦t✉❛❝❡ ♣♦s✉③♦✈á♥② ③✈❧á➨➫✱
♣❛❦ ❜② ✢✉❦t✉❛❝❡ ✈ r♦✈✐♥➙ ♠➙❧② ③♣➲s♦❜✐t r♦③❞➙❧❡♥í ❣r❛❢é♥✉✱ ③❛tí♠❝♦ ✢✉❦t✉❛❝❡ ♣➲s♦❜í❝í ❦♦❧♠♦ ❜②
✾
♠➙❧② ③❛♣➦í↔✐♥✐t ♣r♦❤♥✉tí ❛ ♥ás❧❡❞♥é s❜❛❧❡♥í✳ Pr✐♥❝✐♣ ❥❡ t❡❞② ③❛❧♦➸❡♥ ♥❛ t♦♠✱ ➸❡ ♦❜➙ ✢✉❦t✉❛❝❡ ♣➲s♦❜í
♥❛ ❣r❛❢é♥ s♦✉↔❛s♥➙ ❛ tí♠ ❥❡ ❞♦s❛➸❡♥♦ ↔ást❡↔♥é ❡❧✐♠✐♥❛❝❡ t➙❝❤t♦ ❥❡✈➲ ❛ ♥ás❧❡❞♥➙ ♠♦➸♥ý ✈③♥✐❦ ✷❉
❦r②st❛❧✉✳ ❈❡♥❛ ③❛ ✈③♥✐❦ ✷❉ ❦r②st❛❧✉ ❥❡ ❞r♦❜♥é ♣r♦st♦r♦✈é ③✈❧♥➙♥í ❣r❛❢é♥✉✱ ❥❡➸ ❜②❧♦ ❡①♣❡r✐♠❡♥tá❧♥➙
♣♦t✈r③❡♥♦ ✈ r♦❝❡ ✷✵✵✼✳ ❩✈❧♥➙♥í ♠á ♦❜✈②❦❧❡ ✈ý➨❦✉ ♦❦♦❧♦ ✶ ♥♠ ❛ ❞é❧❦✉ ✶✵ ♥♠✳ ❬✶✾❪
✷✳✸ ❱ýr♦❜❛ ❣r❛❢é♥✉
●r❛❢é♥ ❧③❡ ♣➦✐♣r❛✈✐t ❞✈➙♠❛ ③á❦❧❛❞♥í♠✐ ♠❡t♦❞❛♠✐ ✲ ❡①❢♦❧✐❛❝í✱ t❡❞② ③ís❦á♥í ❣r❛❢é♥✉ ③ ❥✐➸ ❡①✐st✉❥í❝í❤♦
❣r❛✜t♦✈é❤♦ ❦r②st❛❧✉ ♥❡❜♦ ♣♦♠♦❝í r➲st✉ ♥❛ ❦♦♥❦rét♥í♠ s✉❜strát✉ ✭❈❱❉ ❛ ❡♣✐t❛①♥í r➲st✮✳
✷✳✸✳✶ ❊①❢♦❧✐❛❝❡ ❣r❛❢é♥✉
▼❡t♦❞❛ ♠✐❦r♦♠❡❝❤❛♥✐❝❦é❤♦ ➨tí♣á♥í
❊①❢♦❧✐❛❝❡ ❣r❛❢é♥✉✱ ③♥á♠á t❛❦é ♣♦❞ ♥á③✈❡♠ ✒❚❤❡ ❙❝♦t❝❤ ❚❛♣❡ ▼❡t❤♦❞✏ ❥❡ ♠❡t♦❞❛✱ ♣➦✐ ❦t❡ré s❡ ③ís✲
❦á✈❛❥í r➲③♥➙ t❧✉sté ✈rst✈② ③ ❣r❛✜t♦✈é❤♦ ❦r②st❛❧✉ ♣♦♠♦❝í ❛❞❤❡③✐✈♥í ♣ás❦② ❛ ◆♦✈♦s❡❧♦✈ ❥✐ ♣♦♣✐s✉❥❡ ✈❡
s✈é ♥♦❜❡❧♦✈s❦é ♣➦❡❞♥á➨❝❡ ❬✶✷❪ t❛❦t♦✿ ✒❱r❝❤♥í ✈rst✈❛ ✈②s♦❝❡ ❦✈❛❧✐t♥í❤♦ ❦r②st❛❧✉ ❣r❛✜t✉ s❡ ♦❞str❛♥í
❦♦✉s❦❡♠ ❧❡♣✐❝í ♣ás❦②✱ ❦t❡rá ✕ s ❣r❛✜t✐❝❦ý♠✐ ❦r②st❛❧✐t② ✕ ❥❡ ♣❛❦ ♣➦✐t❧❛↔❡♥❛ ❦ ③✈♦❧❡♥é♠✉ s✉❜strát✉✳
❏❡st❧✐➸❡ ❥❡ ❛❞❤❡③❡ s♣♦❞♥í ❣r❛❢é♥♦✈é ✈rst✈② ❦ s✉❜strát✉ s✐❧♥➙❥➨í ♥❡➸ ❛❞❤❡③❡ ♠❡③✐ ✈rst✈❛♠✐ ❣r❛❢é♥✉✱
❧③❡ ❣r❛❢é♥♦✈♦✉ ✈rst✈✉ ♣➦❡♥ést ♥❛ s✉❜strát ❛ ✈②r♦❜✐t t❛❦ tí♠t♦ ♣➦❡❦✈❛♣✐✈➙ ❥❡❞♥♦❞✉❝❤ý♠ ♣♦st✉♣❡♠
✈②s♦❝❡ ❦✈❛❧✐t♥í ❣r❛❢é♥♦✈é ❦r②st❛❧✐t②✳ ❚❛t♦ ♠❡t♦❞❛ ❢✉♥❣✉❥❡ ♣r❛❦t✐❝❦② s ❦❛➸❞ý♠ ♣♦✈r❝❤❡♠✱ ❦t❡rý ♠á
✈➲↔✐ ❣r❛❢é♥✉ r♦③✉♠♥➙ ✈②s♦❦♦✉ ❛❞❤❡③✐✳✏ ❬✶✷❪
Pr♦ ❞❡t❡❦❝✐ t❛❦t♦ ✈②t✈♦➦❡♥é ❣r❛❢é♥♦✈é ✈rst✈② s❡ ♥❡❥↔❛st➙❥✐ ❛♣❧✐❦✉❥❡ ♦♣t✐❝❦á ♠✐❦r♦s❦♦♣✐❡✳ ❏❛❦♦ s✉❜✲
strát s❡ ↔❛st♦ ♣♦✉➸í✈á ❦➦❡♠í❦ s ✷✽✵ ♥♠ t❧✉st♦✉ ✈rst✈♦✉ ♦①✐❞✉ ❦➦❡♠✐↔✐té❤♦✳ ❚❛t♦ t❧♦✉➨➫❦❛ ❥❡ ✈♦❧❡♥❛
③á♠➙r♥➙✱ ❥❡❧✐❦♦➸ ♣➦✐ ♥í ❧③❡ ✈②t✈♦➦✐t ❛➸ ✶✺✪ ❦♦♥tr❛st ♠❡③✐ ✈rst✈♦✉ ❛ s✉❜strát❡♠ ✭♣r♦ ✉r↔✐t♦✉ ✈❧♥♦✲
✈♦✉ ❞é❧❦✉✮✳ ❏❛❦ ❧③❡ ✈✐❞➙t ♥❛ ♦❜rá③❦✉ ✷✳✺✱ ♣r♦ ➸❧✉té s✈➙t❧♦ ✭λ = 565− 590 ♥♠✮ ♣♦✉➸í✈❛♥é ✈ ♦♣t✐❝❦é
♠✐❦r♦s❦♦♣✐✐✱ ❥❡ ❦♦♥tr❛st ♥❡❥✈➙t➨í ♣r♦ t❧♦✉➨➫❦✉ ❙✐❖2 ❝❝❛ ♣r♦ ✾✵ ♥♠ ❛ ✷✽✵ ♥♠✳ ❬✷✵❪ ❬✷✶❪
❊①❢♦❧✐❛❝❡ ♣♦♠♦❝í r♦③t♦❦➲
❉❛❧➨í ♠❡t♦❞❛ ♠♦➸♥♦st✐ ♣➦í♣r❛✈② ❣r❛❢é♥✉ ❥❡ ❡①❢♦❧✐❛❝❡ ❣r❛✜t✉ ♣♦♠♦❝í r♦③t♦❦✉✱ ❥❛❦ ❥✐ ✉✈á❞í ❏❡❧í♥❡❦
✈❡ s✈é ♣rá❝✐ ❬✷✷❪✳ P♦st✉♣ tét♦ ♠❡t♦❞② ❧③❡ ♣♦♣s❛t ✈❡ t➦❡❝❤ ③á❦❧❛❞♥í❝❤ ❦r♦❝í❝❤✳ ❱ ♣r✈♥í♠ ❦r♦❦✉ s❡
❣r❛✜t ✈❧♦➸í ❞♦ ✈❤♦❞♥➙ ③✈♦❧❡♥é❤♦ r♦③♣♦✉➨t➙❞❧❛✳ ❱ ❞r✉❤é♠ ❦r♦❦✉ s❡ ✈②✉➸í✈á ✉❧tr❛③✈✉❦✉ ♣r♦ ✈②❦♦♥á♥í
s❛♠♦t♥é ❡①❢♦❧✐❛❝❡ ❣r❛✜t✉✳ P♦s❧❡❞♥í ❦r♦❦ ③❛❤r♥✉❥❡ ♣♦✉➸✐tí r➲③♥ý❝❤ ↔✐stí❝í❝❤ ♠❡t♦❞✱ ❥❡❧✐❦♦➸ s❡ ♦❜✈②❦❧❡
♥❡♣♦❞❛➦í ✈②r♦❜✐t ❞♦st❛t❡↔♥é t❡♥❦é ✈rst✈②✳ ❆s✐ ♥❡❥❞➲❧❡➸✐t➙❥➨í♠ ❢❛❦t♦r❡♠ ♦✈❧✐➡✉❥í❝í♠ ús♣➙➨♥♦st tét♦
♠❡t♦❞② ❥❡ ✈❤♦❞♥á ✈♦❧❜❛ r♦③♣♦✉➨t➙❞❧❛✳ ❙♣rá✈♥➙ ③✈♦❧❡♥é r♦③♣♦✉➨t➙❞❧♦ ♠á ♥í③❦é ♥❛♣➙tí ♥❛ r♦③❤r❛♥í
❣r❛✜t✲r♦③♣♦✉➨t➙❞❧♦✱ ♣r♦t♦➸❡ ♣➦✐ ♣➦í❧✐➨ ✈②s♦❦é♠ ♥❛♣➙tí ❞♦❝❤á③í ❦❡ s❤❧✉❦♦✈á♥í ❣r❛✜t♦✈ý❝❤ ❦♦✉s❦➲
❞♦❤r♦♠❛❞②✳ ◆❡❥❧❡♣➨í r♦③♣♦✉➨t➙❞❧❛ ✈❤♦❞♥á ♣r♦ t✉t♦ ❡①❢♦❧✐❛❝✐ ❜② ♠➙❧❛ ♠ít ♣♦✈r❝❤♦✈♦✉ ❡♥❡r❣✐✐ ♦❦♦❧♦
γ = 40♠◆✴♠✳ ❱➙t➨✐♥❛ t➙❝❤t♦ r♦③♣♦✉➨t➙❞❡❧ ❥❡ ✈➨❛❦ t♦①✐❝❦ý❝❤✳ ❩ ♣r❛❦t✐❝❦é❤♦ ❤❧❡❞✐s❦❛ ❜② ❜②❧❛
♥❡❥✈❤♦❞♥➙❥➨í♠ r♦③♣♦✉➨t➙❞❧❡♠ ✈♦❞❛✱ t❛ ♠á ✈➨❛❦ ✈②s♦❦é ♣♦✈r❝❤♦✈é ♥❛♣➙tí ✭γ = 72♠◆✴♠✮✱ t❛❦➸❡ ✉
♥í ❞♦❝❤á③í ❦❡ s❤❧✉❦♦✈á♥í ❣r❛✜t♦✈ý❝❤ ❦♦✉s❦➲ ❞♦❤r♦♠❛❞②✳ ❚❡♥t♦ ♣r♦❜❧é♠ ✈②➦❡➨✐❧✐ ❛✉t♦➦✐ ▼✳ ▲♦t②❛ ❛
❨✳ ❍❡r♥❛♥❞❡③ ✈ ↔❧á♥❦✉ ❬✷✸❪✱ ❦❞②➸ ♣♦♠♦❝í ✈❤♦❞♥é❤♦ t❡♥③✐❞✉ ③❛❜rá♥✐❧✐ s❤❧✉❦♦✈á♥í ❦♦✉s❦➲ ❣r❛✜t✉✳
▼❡t♦❞❛ ❡①❢♦❧✐❛❝❡ ❣r❛✜t✉ ✈ r♦③t♦❦✉ ❥❡ ❧❡✈♥á ❛ ❞♦❜➦❡ ✉♣r❛✈♦✈❛t❡❧♥á ♠❡t♦❞❛✳ ●r❛❢é♥ ③ís❦❛♥ý t♦✉t♦
♠❡t♦❞♦✉ s✐❝❡ ♥❡♥í t❛❦ ❦✈❛❧✐t♥í✱ ❛❧❡ ❥❡ ❞♦st❛↔✉❥í❝í ♣r♦ ♥➙❦t❡rá ♣r➲♠②s❧♦✈á ♦❞✈➙t✈í ❥❛❦♦ ♥❛♣➦í❦❧❛❞
✈ýr♦❜❛ ❜❛r❡✈ ↔✐ ❦♦♠♣♦③✐t♥í❝❤ ♠❛t❡r✐á❧➲✳ ❬✷✷❪
✶✵
❖❜r✳ ✷✳✺✿ ❑♦♥tr❛st ❣r❛❢é♥✉ ❥❛❦♦ ❢✉♥❦❝❡ ✈❧♥♦✈é ❞é❧❦② s✈➙t❧❛ ❛ t❧♦✉➨➫❦② ❙✐❖2 ❛ ♥❛ ♣r❛✈é str❛♥➙
♠➙➦ít❦♦ ❦♦♥tr❛st✉❀ s ❧❛s❦❛✈ý♠ ❞♦✈♦❧❡♥í♠ ❑❛r♦❧❛ ◆♦❣❛❥❡✇s❦✐❤♦ ③ ▲◆❈▼■✲❈◆❘❙✲●r❡♥♦❜❧❡
✷✳✸✳✷ ▼❡t♦❞② r➲st✉ ❣r❛❢é♥✉
❈❱❉
●r❛❢é♥ ❧③❡ ♣➦✐♣r❛✈✐t ✐ ♠❡t♦❞♦✉ ❝❤❡♠✐❝❦é ❞❡♣♦③✐❝❡ ③ ♣❧②♥♥é ❢á③❡ ♥❡❜♦❧✐ ❈❱❉ ✲ ❝❤❡♠✐❝❛❧ ✈❛♣♦✉r
❞❡♣♦s✐t✐♦♥✳ P➦✐ ❈❱❉ ❥❡ s✉❜strát ✈②st❛✈❡♥ ♣❧②♥♥ý♠ s❧♦✉↔❡♥✐♥á♠✱ ❦t❡ré s❡ r♦③❦❧á❞❛❥í ♥❛ ♣♦✈r❝❤✉
❛ ✈②t✈á➦❡❥í t❡♥❦♦✉ ✈rst✈✉✱ ③❛tí♠❝♦ ✈❡❞❧❡❥➨í ♣r♦❞✉❦t② s❡ ✈②♣❛➦✉❥í✳ ❊①✐st✉❥❡ ♠♥♦❤♦ r➲③♥ý❝❤ ③♣➲✲
s♦❜➲ ❥❛❦ t♦❤♦ ❞♦sá❤♥♦✉t ♥❛♣➦✳ ♦❤➦❡✈❡♠ s✉❜strát✉ ♣♦♠♦❝í ✈❧á❦♥❛ ↔✐ ♣❧❛③♠❛t✉✳ ●r❛❢é♥ ♠➲➸❡ ❜ýt
♣♦♠♦❝í tét♦ ♠❡t♦❞② ✈②t✈♦➦❡♥ ♥❛♣➦í❦❧❛❞ t❛❦✱ ➸❡ ✈②st❛✈í♠❡ s✉❜strát s ✈rst✈♦✉ ♥✐❦❧✉ s♠➙s✐ ♣❧②♥➲
❍2✱ ❈❍4 ❛ ❆r ③❛ ✈②s♦❦é t❡♣❧♦t② ✲ ♦❦♦❧♦ ✶✵✵✵◦❈ ✭✈ ✉③❛✈➦❡♥é ❦♦♠♦➦❡✮✳ ❱ ❞❛❧➨í♠ ❦r♦❦✉ s❡ ♠❡t❛♥
r♦③❦❧á❞á ♥❛ ♣♦✈r❝❤✉ s✉❜strát✉ ♥❛ ✉❤❧í❦ ❛ ✈♦❞í❦✳ ❯❤❧í❦ ❞✐❢✉♥❞✉❥❡ ❞♦ ✈rst✈② ♥✐❦❧✉ ❛ ✈♦❞í❦ ♦❞❝❤á③í
♣r②↔✳ ◆ás❧❡❞❦❡♠ ♦❝❤❧❛③❡♥í s✉❜strát✉ ♣♦♠♦❝í ❛r❣♦♥♦✈é ❛t♠♦s❢ér② ♣r❡❝✐♣✐t✉❥❡ ✉❤❧í❦ ③♣➙t ♥❛ ♣♦✈r❝❤✱
❦❞❡ ✈②t✈á➦í ❥❡❞♥✉ ↔✐ ✈í❝❡ ✈rst❡✈✳ Pr➲♠➙r♥ý ♣♦↔❡t ✈rst❡✈ ✉❤❧í❦✉ ③á✈✐sí ♥❛ t❧♦✉➨➫❝❡ ✈rst✈② ♥✐❦❧✉ ❛
♠➲➸❡ ❜ýt ✉r↔✐tý♠ ③♣➲s♦❜❡♠ ❦♦♥tr♦❧♦✈á♥✳ P♦ ú♣r❛✈➙ t✈❛r✉ ✈rst✈② ♥✐❦❧✉ s❡ ③♠➙♥í ✐ t✈❛r ✉❤❧í❦♦✈é
✈rst✈②✳ ◆❡✈ý❤♦❞♦✉ ♣➦✐ ♣♦✉➸✐tí ♥✐❦❧✉ ❥❡ ✈❡❧♠✐ ♦❜tí➸♥é ✈②t✈♦➦❡♥í ♦♣t✐♠á❧♥í❝❤ ♣♦❞♠í♥❡❦ ♣r♦ ✈ýr♦❜✉
❥❡❞✐♥é ❛t♦♠ár♥í ✈rst✈② ✉❤❧í❦✉ ✲ t❡❞② ❣r❛❢é♥✉✳ Pr♦ ✈ýr♦❜✉ ❣r❛❢é♥✉ s❡ ♥❛♠íst♦ ♥✐❦❧✉ ↔❛st➙❥✐ ♣♦✉➸í✈á
♠➙↕✱ ♣r♦t♦➸❡ s❡ ✈ ♥í ✉❤❧í❦ ♠é♥➙ r♦③♣♦✉➨tí✳ ❆t♦♠② ✉❤❧í❦✉ ✈ ♠➙❞✐ t♦❧✐❦ ♥❡❞✐❢✉♥❞✉❥í ❛ ❣r❛❢é♥ ❥❡
t✈♦➦❡♥ ♣➦❡❞❡✈➨í♠ ✉❤❧í❦❡♠ ❛❞s♦r❜♦✈❛♥ý♠ ♥❛ ♣♦✈r❝❤✉✳ ❬✷✵❪ ❙❝❤é♠❛ ♣➦í♣r❛✈② ♣♦♠♦❝í ♠❡t♦❞② ❈❱❉
❥❡ ③♦❜r❛③❡♥♦ ♥❛ ♦❜rá③❦✉ ✷✳✻✳
✶✶
❖❜r✳ ✷✳✻✿ s❝❤é♠❛ ♣➦í♣r❛✈② ❣r❛❢é♥✉ ♣♦♠♦❝í ♠❡t♦❞② ❈❱❉ ♣♦♣s❛♥é ✈ s❡❦❝✐ ✷✳✸✳✷ ❀ ♣➦❡✈③❛t♦ ❛ ✉♣r❛✈❡♥♦
③✿ ❬✷✵❪
❊♣✐t❛①♥í r➲st
❉❛❧➨í ♠❡t♦❞❛ ♣➦í♣r❛✈② ❣r❛❢é♥✉ ❥❡ ♣♦♠♦❝í ❡♣✐t❛①♥í❤♦ r➲st✉ ♥❛ ❦❛r❜✐❞✉ ❦➦❡♠í❦✉ ♥❡❜♦❧✐ ❙✐❈✳ ❏❛❦ ✉✈á❞í
❏❡❧í♥❡❦ ✈ ❬✷✷❪✱ ✈③♦r❡❦ ❙✐❈ ❥❡ ✉♠íst➙♥ ♥❛♣➦í❦❧❛❞ ✈❡ ✈❛❦✉✉ ↔✐ ❛r❣♦♥♦✈é ❛t♠♦s❢é➦❡ ❛ ③❛❤➦í✈á s❡ ♥❛ ✈❡❧♠✐
✈②s♦❦♦✉ t❡♣❧♦t✉ ❛s✐ ✶✵✵✵✲✶✺✵✵◦❈✱ ❝♦➸ ✈❡❞❡ ❦ ♦❞♣❛➦♦✈á♥í ❛t♦♠➲ ❦➦❡♠í❦✉ ③ ❥❡❤♦ ♣♦✈r❝❤✉✳ ❱ ❞❛❧➨í ❢á③✐
❞♦❝❤á③í ❦ ❤r♦♠❛❞➙♥í ❛t♦♠➲ ✉❤❧í❦✉ ♥❛ ♣♦✈r❝❤✉ ✈③♦r❦✉✱ ❦t❡ré s♣♦❧✉ ✈②t✈á➦❡❥í ❤❡①❛❣♦♥á❧♥í str✉❦t✉r✉
✭♣r✐♥❝✐♣ ❤②❜r✐❞✐③❛❝❡ s♣2✮✳ ❊①♣❡r✐♠❡♥tá❧♥➙ ❜②❧♦ ③❥✐➨t➙♥♦✱ ➸❡ ♣➦✐ tét♦ ♠❡t♦❞➙ t❛❦té➸ ③á❧❡➸í ♥❛ t♦♠✱ ③❞❛
❥❡ s✉❜strát ❙✐❈ ③❛❦♦♥↔❡♥ ❛t♦♠② ✉❤❧í❦✉ ↔✐ ❦➦❡♠í❦✉ ✲ ♣r♦ ❧❡♣➨í ♦✈❧❛❞❛t❡❧♥♦st ♣r♦❝❡s✉ ✈ýr♦❜② ❣r❛❢é♥✉
❥❡ ❧é♣❡ ✈♦❧✐t s✉❜strát ③❛❦♦♥↔❡♥ý ❛t♦♠② ❦➦❡♠í❦✉✳ ▼❡③✐ ✈ý❤♦❞② tét♦ ♠❡t♦❞② ♣❛t➦í ♥❛♣➦í❦❧❛❞ ✈②s♦❦á
❦✈❛❧✐t❛ ♣➦✐♣r❛✈❡♥é❤♦ ❣r❛❢é♥✉✱ ♠♦➸♥♦st ♣♦♠♦❝í ✈♥➙❥➨í❝❤ ♣♦❞♠í♥❡❦ ✉r↔✐t ♣♦↔❡t ✈rst❡✈ ❣r❛❢é♥✉ ♥❡❜♦
t➦❡❜❛ ✈②t✈á➦❡t ✐ ✈➙t➨í ❣r❛❢é♥♦✈é ✈③♦r❦②✳ ❬✷✷❪ ❚②♣✐❝❦é s❝❤é♠❛ ♣➦í♣r❛✈② ❥❡ ③♦❜r❛③❡♥♦ ♥❛ ♦❜rá③❦✉✷✳✼✳
❖❜r✳ ✷✳✼✿ s❝❤é♠❛ r➲st✉ ❣r❛❢é♥✉ ♥❛ ❙✐❈❀ ♣➦❡✈③❛t♦ ③✿ ❬✷✷❪
✷✳✹ ▼♦➸♥♦st✐ ✉♣❧❛t♥➙♥í ❣r❛❢é♥✉
❏❛❦ ❥❡ ✉✈á❞í ◆♦✈♦s❡❧♦✈ ❛ ❦♦❧✳ ✈ ↔❧á♥❦✉ ❆ r♦❛❞♠❛♣ ❢♦r ❣r❛♣❤❡♥❡ ❬✷✹❪✱ ❡①✐st✉❥❡ ♠♥♦❤♦ r➲③♥ý❝❤ ♠♦➸✲
♥♦stí ❜✉❞♦✉❝í❤♦ ✉♣❧❛t♥➙♥í ❣r❛❢é♥✉✳ ❆s✐ ♥❡❥✈➙t➨í ♣♦t❡♥❝✐á❧ ❣r❛❢é♥✉ ❥❡ ♣♦✉➸✐tí ✈ ❡❧❡❦tr♦♥✐❝❡✳ ❉í❦②
❞♦❜rý♠ ♦♣t✐❝❦ý♠ ❛ ❡❧❡❦tr✐❝❦ý♠ ✈❧❛st♥♦st❡♠ ❜② ❣r❛❢é♥ ♠♦❤❧ ❜ýt ♣♦✉➸í✈á♥ ♥❛♣➦í❦❧❛❞ ✈ ❞♦t②❦♦✈ý❝❤
♦❜r❛③♦✈❦á❝❤✱ ❦❞❡ ❜② ♥❛❤r❛❞✐❧ ❞r❛❤ý ❝í♥❡♠ ❞♦♣♦✈❛♥ý ♦①✐❞ ✐♥❞✐tý ✭■❚❖✮✳ ●r❛❢é♥ ♠á t❛❦é ✈②♥✐❦❛✲
❥í❝í ♠❡❝❤❛♥✐❝❦♦✉ ♣r✉➸♥♦st ❛ ❝❤❡♠✐❝❦♦✉ ♦❞♦❧♥♦st t❡❞② ✈❧❛st♥♦st✐ ❞➲❧❡➸✐té ♣r♦ ✢❡①✐❜✐❧♥í ❡❧❡❦tr♦♥✐❝❦é
③❛➦í③❡♥í✱ ✈❡ ❦t❡rý❝❤ ■❚❖ ♦❜✈②❦❧❡ s❡❧❤á✈á✳ ❉❛❧➨í ✉♣❧❛t♥➙♥í ❣r❛❢é♥✉ ❥❡ ♥❛♣➦í❦❧❛❞ ✉ ❢♦t♦❞❡t❡❦t♦r➲✳
❱ s♦✉↔❛s♥é ❞♦❜➙ ❥s♦✉ ❣r❛❢é♥♦✈é ❢♦t♦❞❡t❡❦t♦r② ❥❡❞♥② ③ ♥❡❥✈í❝❡ st✉❞♦✈❛♥ý❝❤ ❢♦t♦♥✐❝❦ý❝❤ ③❛➦í③❡♥í✳
◆❛r♦③❞í❧ ♦❞ ♣♦❧♦✈♦❞✐↔♦✈ý❝❤ ❢♦t♦❞❡t❡❦t♦r➲✱ ❦t❡ré ♠♦❤♦✉ ❞❡t❡❦♦✈❛t s✐❣♥á❧② ❥❡♥ ♣r♦ ✉r↔✐té s♣❡❦trá❧♥í
✶✷
➨í➦❦②✱ ❜② ❣r❛❢é♥ ♠♦❤❧ ❞❡t❡❦♦✈❛t ➨✐r♦❦ý s♣❡❦trá❧♥í r♦③s❛❤ ♦❞ ✉❧tr❛✜❛❧♦✈é❤♦ ♣♦ ✐♥❢r❛↔❡r✈❡♥é ③á➦❡♥í✳
❉❛❧➨í ✈ý❤♦❞❛ ✈②✉➸✐tí ❣r❛❢é♥✉ ❥❛❦♦➸t♦ ❢♦t♦❞❡t❡❦t♦r✉ ❥❡ t❛✱ ➸❡ ♠á ✈②s♦❦♦✉ ✐ ♣r♦✈♦③♥í ➨í➦❦✉ ♣ás♠❛✱
❝♦➸ ❥❡ ✈❤♦❞♥é ♣r♦ ✈②s♦❦♦r②❝❤❧♦st♥í ❞❛t♦✈é ❦♦♠✉♥✐❦❛❝❡✳ ●r❛❢é♥ ❜② s❡ ♠♦❤❧ ✉♣❧❛t♥✐t ✐ ❥❛❦♦ ✈❡❧♠✐
s❧✐❜♥ý ♠❛t❡r✐á❧ ♣r♦ ❜✐♦❛♣❧✐❦❛❝❡✱ ♥❛♣➦í❦❧❛❞ ♣♦❞á✈á♥í ❧é❦➲✱ ③♦❜r❛③♦✈á♥í ❜✐♦♠♦❧❡❦✉❧ ✈ ❚❊▼ ✭tr❛♥ss✲
♠✐ss✐♦♥ ❡❧❡❝tr♦♥ ♠✐❝r♦s❝♦♣②✮ ♥❡❜♦ t➦❡❜❛ ❞❡t❡❦❝❡ ❜✐♦♠♦❧❡❦✉❧ ❥❛❦♦ ♥❛♣➦í❦❧❛❞ ❣❧✉❦ó③❛✱ ❝❤♦❧❡st❡r♦❧ ↔✐
❉◆❆✳ ❱ ❡♥❡r❣❡t✐❝❡ ❜② s❡ ❣r❛❢é♥ ♠♦❤❧ ♣♦✉➸í✈❛t ♣➦❡❞❡✈➨í♠ ♣r♦ ✉s❦❧❛❞➡♦✈á♥í ✈♦❞í❦✉ ♥❡❜♦ ✐ ✉ s♦✲
❧ár♥í❝❤ ↔❧á♥❦➲✳ ❉❛❧➨í ♠♦➸♥♦st✐ ✉♣❧❛t♥➙♥í ❣r❛❢é♥✉ ❥❡ ♥❛♣➦í❦❧❛❞ ✉ s❡♥s♦r➲✱ ♠❡tr♦❧♦❣✐❡✱ ❦♦♠♣♦③✐t♥í❝❤
♠❛t❡r✐á❧➲✱ ♥át➙r➲ ♥❡❜♦ ✈②s♦❦♦❢r❡❦✈❡♥↔♥í❝❤ tr❛♥③✐st♦r➲✳ ❬✷✹❪
✶✸

✸ ❙❯▲❋■❉ ▼❖▲❨❇❉❊◆■❷■❚Ý
✸✳✶ ❖❜❡❝♥é ✈❧❛st♥♦st✐ ▼♦❙2
❙✉❧✜❞ ♠♦❧②❜❞❡♥✐↔✐tý ❥❡ ➨❡❞á ❛➸ st➦í❜➦✐tá ♣❡✈♥á ❧át❦❛✱ ✈❧❛st♥♦st♠✐ ✈❡❧♠✐ ♣♦❞♦❜♥á ❣r❛✜t✉✳ ❱ ♣➦ír♦❞➙
s❡ ✈②s❦②t✉❥❡ ❥❛❦♦ t③✈✳ ♠♦❧②❜❞❡♥✐t✳ ❙t❡❥♥➙ ❥❛❦♦ ❣r❛✜t ❥❡ t✈♦➦❡♥ ♥❛ s♦❜➙ ✈❡rt✐❦á❧♥➙ ♥❛s❦❧á❞❛♥ý♠✐
✈rst✈❛♠✐✱ ♣➦✐↔❡♠➸ ❥❡❞♥♦t❧✐✈é ✈rst✈② ❥s♦✉ ♣♦❤r♦♠❛❞➙ ❞r➸❡♥② ❞í❦② ✈❛♥ ❞❡r ❲❛❛❧s♦✈ý♠ s✐❧á♠✳ ❱❛③❜②
♠❡③✐ ❛t♦♠② ✭sír❛ ✲ ♠♦❧②❜❞❡♥ ✲ sír❛✮ ❥s♦✉ ♥❛♦♣❛❦ r❡❧❛t✐✈♥➙ s✐❧♥é ❦♦✈❛❧❡♥t♥í ✈❛③❜②✳ ❚❧♦✉➨➫❦❛ ❥❡❞♥♦t✲
❧✐✈é ✈rst✈② ❥❡ ✵✱✻✺ ♥♠ ❥❛❦ ❧③❡ ✈✐❞➙t ♥❛ ♦❜rá③❦✉ ✸✳✶✳ ◆❛ ♦❜rá③❦✉ ❥❡ t❛❦é ③♦❜r❛③❡♥❛ ③á❦❧❛❞♥í str✉❦t✉r❛
♠♦♥♦✈rst✈② ▼♦❙2 ♥❡❜♦❧✐ t③✈✳ ✒s❡♥❞✈✐↔❡✏ ✱ ✈❡ ❦t❡rý❝❤ ❥❡ ❥❡❞♥❛ ♣❧❛♥ár♥í ❤❡①❛❣♦♥á❧♥í ✈rst✈❛ ❛t♦♠➲
♠♦❧②❜❞❡♥✉ ✉♠íst➙♥❛ ♠❡③✐ ❞✈➙♠❛ ✈rst✈❛♠✐ ❛t♦♠➲ sír②✳ ❬✷✺❪ ❙✉❧✜❞ ♠♦❧②❜❞❡♥✐↔✐tý ❥❡ ♣♦✈❛➸♦✈á♥ ③❛
t②♣✐❝❦é❤♦ ③ást✉♣❝❡ t③✈✳ ❞✐❝❤❛❧❦♦❣❡♥✐❞➲ ♣➦❡❝❤♦❞♥ý❝❤ ❦♦✈➲✱ ❦t❡ré ③❛❤r♥✉❥í ❞✐s✉❧✜❞②✱ ❞✐s❡❧❡♥✐❞② ❛
❞✐t❡❧❧✉r✐❞② ♣r✈❦➲✿ ❚✐✱ ❩r✱ ❍❢✱ ❱✱ ◆❜✱ ❚❛✱ ❈r✱ ▼♦ ❛ ❲✳
❙✉❧✜❞ ♠♦❧②❜❞❡♥✐↔✐tý ♣❛t➦í ♠❡③✐ ♠❛t❡r✐á❧② s ♥❡♥✉❧♦✈ý♠ ③❛❦á③❛♥ý♠ ♣ás❡♠✳ ❍♦❞♥♦t❛ ✈❡❧✐❦♦st✐ ♣ás✉
♣r♦ ✈í❝❡✈rst✈ý ▼♦❙2 ❥❡ ≈ 1, 29 ❡❱✳ ❱ t♦♠t♦ ♣➦í♣❛❞➙ s❡ ❥❡❞♥á ♦ t③✈✳ ♥❡♣➦í♠ý ③❛❦á③❛♥ý ♣ás✱ ❥❡➸
s❡ ✈②③♥❛↔✉❥❡ r♦③❞í❧♥♦✉ ❤♦❞♥♦t♦✉ ❤②❜♥♦st✐ ✭r❡s♣❡❦t✐✈❡ ✈❧♥♦✈é❤♦ ✈❡❦t♦r✉ ~k✮ ♣r♦ ♠❛①✐♠á❧♥í ❡♥❡r❣✐✐
✈❛❧❡♥↔♥í❤♦ ♣ás✉ ❛ ♠✐♥✐♠á❧♥í ❡♥❡r❣✐✐ ✈♦❞✐✈♦st♥í❤♦ ♣ás✉✳ ◆❛♦♣❛❦ ♣r♦ ♣➦í♣❛❞ ♠♦♥♦✈rst✈② ▼♦❙2✱ ❥❡
③❛❦á③❛♥ý ♣ás ♣➦í♠ý t❥✳ ♠❛①✐♠á❧♥í ❡♥❡r❣✐❡ ✈❛❧❡♥↔♥í❤♦ ♣ás✉ ❛ ♠✐♥✐♠á❧♥í ❡♥❡r❣✐❡ ✈♦❞✐✈♦st♥í❤♦ ♣ás✉
♥❛stá✈á ♣r♦ st❡❥♥♦✉ ❤♦❞♥♦t✉ ❤②❜♥♦st✐✳ ❬✷✻❪ ❱❡❧✐❦♦st ③❛❦á③❛♥é❤♦ ♣ás✉ ♣r♦ ♠♦♥♦✈rst✈✉ ▼♦❙2 ❥❡
≈ 1, 75 ❡❱✳ ❬✷✼❪ ❉í❦② t♦♠✉✱ ➸❡ ➨í➦❦❛ ③❛❦á③❛♥é❤♦ ♣ás✉ ❥❡ ✉ ▼♦❙2 ♥❡♥✉❧♦✈á✱ ❧③❡ ✉r↔✐tý♠ ③♣➲s♦❜❡♠
♦✈❧á❞❛t ✈♦❞✐✈♦st✳ ❚❛t♦ ✈❧❛st♥♦st ❥❡ ✈ý❤♦❞♦✉ ♦♣r♦t✐ ❣r❛❢é♥✉✱ ✉ ♥➙❤♦➸ ❥❡ t➦❡❜❛ ③❛❦á③❛♥ý ♣ás ✈②t✈á➦❡t
♥❛♣➦í❦❧❛❞ ♣♦♠♦❝í ♣➲s♦❜❡♥í s✐❧♥é❤♦ ❡❧❡❦tr✐❝❦é❤♦ ♣♦❧❡✱ ❝♦➸ ✈❡❞❡ ❦❡ ③❤♦r➨❡♥í ✈❧❛st♥♦stí ❣r❛❢é♥✉✳ ❬✷✽❪
▼♦❙2 s❡ ✈②③♥❛↔✉❥❡ t❛❦é ✈②s♦❦♦✉ t❡♣❡❧♥♦✉ st❛❜✐❧✐t♦✉✱ ❦t❡rá ❞♦s❛❤✉❥❡ ❛➸ ✶✶✵✵◦❈✳ ❬✷✾❪
❖❜r✳ ✸✳✶✿ str✉❦t✉r❛ ▼♦❙2❀ ♣➦❡✈③❛t♦ ③✿ ❬✷✺❪
✶✺
✸✳✷ ❩♣➲s♦❜② ♣➦í♣r❛✈② ♠♦♥♦✈rst✈② ▼♦❙2
❙✉❧✜❞ ♠♦❧②❜❞❡♥✐↔✐tý ❥❡ ✈❡❧♠✐ ♣♦❞♦❜♥ý ❣r❛✜t✉✱ ♣r♦t♦ s❡ ♥➙❦t❡ré ③ ♠❡t♦❞ ♣➦í♣r❛✈② ♠♦♥♦✈rst✈②
▼♦❙2 s❤♦❞✉❥í s ♠❡t♦❞❛♠✐ ♣➦í♣r❛✈ ❣r❛❢é♥✉✳ ❱②✉➸í✈á s❡ ♥❛♣➦í❦❧❛❞ ♠✐❦r♦♠❡❝❤❛♥✐❝❦é ➨tí♣á♥í✱ ❈❱❉
↔✐ ❡①❢♦❧✐❛❝❡ ♣♦♠♦❝í r♦③t♦❦➲✳ ❬✸✵❪ ❚②t♦ ♠❡t♦❞② ❜②❧② ❥✐➸ ♣♦♣sá♥② ✈ ♣♦❞❦❛♣✐t♦❧á❝❤ ✷✳✸✳✶ ❛ ✷✳✸✳✷✳
❉❛❧➨í ♠♦➸♥♦st✐ ♣➦í♣r❛✈② ❥s♦✉ ♣♦♠♦❝í ❡❧❡❦tr♦❝❤❡♠✐❝❦é ❡①❢♦❧✐❛❝❡ ❛ ❡❧❡❦tr♦❝❤❡♠✐❝❦é ❧✐t❤✐❛❝❡✱ ❥❡➸ ❥s♦✉
✈②❧í↔❡♥② ✈ ♣♦❞❦❛♣✐t♦❧á❝❤ ✸✳✷✳✶ ❛ ✸✳✷✳✷✳
✸✳✷✳✶ ❊❧❡❦tr♦❝❤❡♠✐❝❦á ❡①❢♦❧✐❛❝❡
❏❛❦ ❥❡ ✉✈❡❞❡♥♦ ✈ ↔❧á♥❦✉ ❬✸✵❪ ♣❛♥❡♠ ▲✐✉❡♠✱ ❡❧❡❦tr♦❝❤❡♠✐❝❦á ❡①❢♦❧✐❛❝❡ ❦r②st❛❧✉ ▼♦❙2 ❥❡ ♠❡t♦❞❛
✉♠♦➸➡✉❥í❝í ♣➦í♣r❛✈✉ ♠♦♥♦✈rst❡✈ ▼♦❙2 ❛➸ ♦ ✈❡❧✐❦♦st✐ ✺✵µ♠✳
Pr✐♥❝✐♣ ♠❡t♦❞② ❥❡ ③♦❜r❛③❡♥ ♥❛ ♦❜rá③❦✉ ✸✳✷✳ ◆❡❥♣r✈❡ ❜②❧ ✈❧♦➸❡♥ ♣❧❛t✐♥♦✈ý ❞rát ❛ ❦r②st❛❧ ▼♦❙2
❞♦ r♦③t♦❦✉ ◆❛2❙❖4 ✈✐③ ♦❜rá③❡❦ ✸✳✷ ✭❛✮✳ P♦ ♣➦✐✈❡❞❡♥í st❡❥♥♦s♠➙r♥é❤♦ ♥❛♣➙tí ♦ ✈❡❧✐❦♦st✐ ✷❱ ♠❡③✐
❦r②st❛❧ ▼♦❙2 ✭♣r❛❝✉❥í❝í ❡❧❡❦tr♦❞❛✮ ❛ ♣❧❛t✐♥♦✈ý ❞rát ✭♣r♦t✐❡❧❡❦tr♦❞❛✮ ❞♦➨❧♦ ❦ ♥❛♠♦↔❡♥í ❦r②st❛❧✉
▼♦❙2✳ ◆ás❧❡❞♥➙ ❜②❧♦ ♥❛♣➙tí ③✈ý➨❡♥♦ ♥❛ ❤♦❞♥♦t✉ ✶✵ ❱ ♣♦ ❞♦❜✉ ✵✱✺✲✷ ❤ ♣r♦ ❞♦s❛➸❡♥í s❛♠♦t♥é ❡①❢♦✲
❧✐❛❝❡ ▼♦❙2✳ P➦✐ t♦♠t♦ ❦r♦❦✉ ♥❛st❛❧❛ ❞✐s♦❝✐❛❝❡ ✈❧♦↔❡❦ ▼♦❙2 ③ ❦r②st❛❧✉✱ ❦t❡ré s❡ ♣♦té r♦③♣tý❧✐❧② ❞♦
❡❧❡❦tr♦❧②t✉ ✭♣➦❡s♥ý ♣♦♣✐s ♣➦í↔✐♥② ❥❡ ✉✈❡❞❡♥ ❞á❧❡✮✳ ❱ ❞❛❧➨í ↔ást✐ ❜②❧② ❡①❢♦❧✐♦✈❛♥é ✈❧♦↔❦② ▼♦❙2 s❤r♦✲
♠á➸❞➙♥② ♣♦♠♦❝í ✈❛❦✉♦✈é ✜❧tr❛❝❡ ❛ ♥ás❧❡❞♥➙ ③♥♦✈✉ r♦③♣tý❧❡♥② ✈ ◆✲♠❡t②❧✲✷✲♣②rr♦❧✐❞♦♥✉ ✭◆▼P✮✳
❚í♠t♦ ③♣➲s♦❜❡♠ s❡ ③ís❦❛❧② r♦✈♥♦♠➙r♥➙ r♦③❧♦➸❡♥é ✈❧♦↔❦② ▼♦❙2 ✈✐③ ♦❜rá③❡❦ ✸✳✷ ✭❞✮✳ ❬✸✵❪
◆❛ ♦❜rá③❦✉ ✸✳✷ ✭❡✮ ❧③❡ ✈✐❞➙t s❛♠♦t♥ý ♠❡❝❤❛♥✐s♠✉s ❡❧❡❦tr♦❝❤❡♠✐❝❦é ❡①❢♦❧✐❛❝❡✳ P➲s♦❜❡♥í♠ ♥❛♣➙tí
♥❛ ♣r❛❝✉❥í❝í ❡❧❡❦tr♦❞✉ ❞♦❝❤á③í ❦ ♦①✐❞❛❝✐ ✈♦❞②✱ ❝♦➸ ③♣➲s♦❜í ♣r♦❞✉❦❝✐ ❖❍ ❛ ❍ r❛❞✐❦á❧➲✳ ❘❛❞✐❦á❧② s❡
♥ás❧❡❞♥➙ s❤r♦♠❛➸↕✉❥í ♦❦♦❧♦ ❦r②st❛❧✉ ▼♦❙2 ❛ ✈♠❡③❡➦✉❥í s❡ ♠❡③✐ ❥❡❞♥♦t❧✐✈é ✈rst✈② ▼♦❙2✳ ❱ ❞❛❧➨í♠
❦r♦❦✉ ❞♦❝❤á③í ❦ ♦①✐❞❛❝✐ r❛❞✐❦á❧➲ ❛✴♥❡❜♦ ❛♥✐♦♥t➲ ✭❙❖−24 ✮✱ ❦t❡ré ③♣➲s♦❜í✱ ➸❡ ❥❡❞♥♦t❧✐✈é ✈rst✈② ❡①✲
♣❛♥❞✉❥í✳ ❱ ♣♦s❧❡❞♥í♠ ❦r♦❦✉ ❥s♦✉ ♠♦♥♦✈rst✈② ▼♦❙2 ③ ❦r②st❛❧✉ ♦❞rt❤á✈á♥② ❞í❦② ❜✉❜❧❛❥í❝í♠✉ ♣❧②♥✉
✭r❡❛❦❝❡ ♥❛ ❦❛t♦❞➙✮ ❛ ❥s♦✉ ♣♦té r♦③♣t②❧♦✈á♥② ✈ r♦③t♦❦✉✳ ❬✸✵❪
▼♦♥♦✈rst✈❛ ▼♦❙2 ♣➦✐♣r❛✈❡♥á ❡❧❡❦tr♦❝❤❡♠✐❝❦♦✉ ❡①❢♦❧✐❛❝í ✈②❦❛③✉❥❡ ✈②s♦❦♦✉ ❦✈❛❧✐t✉✱ ✈♥✐t➦♥í str✉❦✲
t✉r✉ ❛ ♥í③❦♦✉ ♠ír✉ ♦①✐❞❛❝❡✳
✸✳✷✳✷ ❊❧❡❦tr♦❝❤❡♠✐❝❦á ❧✐t❤✐❛❝❡
Pr✐♥❝✐♣ tét♦ ♠❡t♦❞② ❥❡ ♣♦❞♦❜♥ý ❥❛❦♦ t❡♥✱ ❥❡♥➸ ❥❡ ✉✈❡❞❡♥ý ✈ ♣♦❞❦❛♣✐t♦❧❡ ✸✳✷✳✶✳ ❏❛❦ ✉✈á❞í ❩❡♥❣ ❛
❦♦❧✳ ✈ ↔❧á♥❦✉❙✐♥❣❧❡✲▲❛②❡r ❙❡♠✐❝♦♥❞✉❝t✐♥❣ ◆❛♥♦s❤❡❡ts✿ ❍✐❣❤✲❨✐❡❧❞ Pr❡♣❛r❛t✐♦♥ ❛♥❞ ❉❡✈✐❝❡ ❋❛❜r✐✲
❝❛t✐♦♥ ❬✸✶❪✱ ❜②❧❛ t❛t♦ ♠❡t♦❞❛ ♣♦✉➸✐t❛ ✈ ❜❛t❡r✐♦✈é♠ t❡st♦✈❛❝í♠ s②sté♠✉✳ ❱rst❡✈♥❛té ♠❛t❡r✐á❧② ❥❛❦♦
▼♦❙2✱ ❲❙2✱ ❚✐❙2✱ ❚❛❙2✱ ❩r❙2 ♥❡❜♦ ❣r❛✜t ❥s♦✉ ♣➦✐ ♠❡t♦❞➙ ♣♦✉➸✐t② ❥❛❦♦ ❦❛t♦❞❛✳ ❉♦ r♦❧❡ ❛♥♦❞② ❥❡
♣♦✉➸✐t❛ ❧✐t❤✐♦✈á ❢ó❧✐❡✱ ❦t❡rá ③ár♦✈❡➡ s❧♦✉➸í ✐ ❥❛❦♦ ③❞r♦❥ ❧✐t❤✐♦✈ý❝❤ ✐♦♥t➲✳ P♦ ❣❛❧✈❛♥♦st❛t✐❝❦é♠ ✈②❜í✲
❥❡♥í ✭s ♣r♦✉❞♦✈♦✉ ❤✉st♦t♦✉ ≈ 0.05 ♠❆✮ ❞♦❝❤á③í ❦ ❧✐t❤✐♦✈é ✐♥t❡r❦❛❧❛❝✐✱ ✈ ♥❛➨❡♠ ♣➦í♣❛❞➙ ♠❡③✐ ✈rst✈②
▼♦❙2 ✈✐③ ♦❜rá③❡❦ ✸✳✸ ❦r♦❦ ✷✮✳ P♦ ❞♦❦♦♥↔❡♥í ❧✐t❤✐♦✈é ✐♥t❡r❦❛❧❛❝❡ ❜②❧② ✐♥t❡r❦❛❧♦✈❛♥é ❦♦♠♣♦♥❡♥t② ✭✈
♥❛➨❡♠ ♣➦í♣❛❞➙ ▲✐x▼♦❙2✮ ✈②↔✐➨t➙♥② ♣♦♠♦❝í ❛❝❡t♦♥✉✳ ❚♦t♦ ↔✐➨t➙♥í ❥❡ ♣r♦✈á❞➙♥♦ ③ ❞➲✈♦❞✉ ♦❞str❛♥➙♥í
③❜②t❦♦✈é❤♦ ❡❧❡❦tr♦❧②t✉ ✭♥❛♣➦✳▲✐P❋6✮✳ ❱ ♣♦s❧❡❞♥í♠ ❦r♦❦✉ s❡ ♣♦✉➸í✈á ✉❧tr❛③✈✉❦ ✈❡ ✈♦❞➙ ↔✐ ❡t❛♥♦❧✉✱
❛❜② ♠♦❤❧♦ ❞♦❥ít ❦ s❛♠♦t♥é ❡①❢♦❧✐❛❝✐ ❛ ✐③♦❧❛❝✐ ❥❡❞♥♦t❧✐✈ý❝❤ ✈rst❡✈ ▼♦❙2 ✈✐③ ♦❜rá③❡❦ ✸✳✸ ❦r♦❦ ✸✮✳ ❬✸✶❪
▲✐t✐✉♠ ♣♦✉➸✐té ♣➦✐ tét♦ ♠❡t♦❞➙ ♠á ❞✈❛ ③ás❛❞♥í ✈ý③♥❛♠②✳ Pr✈♥í ❥❡ t❡♥✱ ➸❡ ♣♦ ✈♠❡③❡➦❡♥í ❧✐t✐♦✈ý❝❤
✐♦♥t➲ ♠❡③✐ ✈rst❡✈♥❛tý ♠❛t❡r✐á❧ ❞♦❝❤á③í ❦ ♦❞❞á❧❡♥í ❥❡❞♥♦t❧✐✈ý❝❤ ✈rst❡✈✳ ❚♦ ③♣➲s♦❜í✱ ➸❡ ✈❛♥ ❞❡r
❲❛❛❧s♦✈② ✐♥t❡r❛❦❝❡ ✭♣➦ít♦♠♥② ♠❡③✐ ✈rst✈②✮ s❡ ③❡s❧❛❜í✳ ❉r✉❤ý♠ ✈ý③♥❛♠❡♠ ❥❡✱ ➸❡ ❦♦✈♦✈é ❧✐t❤✐✉♠✱
✈②t✈♦➦❡♥é r❡❞✉❦❝í ▲✐+ ✐♦♥t➲ ♣➦✐ ✈②❜í❥❡❝í♠ ♣r♦❝❡s✉ ✈ r❡❛❦❝✐ s ❡❧❡❦tr♦♥②✱ r❡❛❣✉❥❡ s ✈♦❞♦✉ ③❛ ✈③♥✐❦✉
▲✐✭❖❍✮ ❛ ❍2✱ ❥❡➸ ♣♦s♦✉✈❛❥í ❥❡❞♥♦t❧✐✈é ✈rst✈② ▼♦❙2 ❥❡➨t➙ ❞á❧❡ ♦❞ s❡❜❡✳ P♦ ✈❧♦➸❡♥í ❞♦ ✉❧tr❛③✈✉❦✉ ❥❡
♣❛❦ ❥❡❞♥♦❞✉❝❤é ♦❞❞➙❧✐t ❥❡❞♥♦t❧✐✈é ✈rst✈② ♦❞ s❡❜❡✳ ❬✸✶❪ ❙❝❤é♠❛ ❝❡❧é tét♦ ♠❡t♦❞② ❥❡ ③♦❜r❛③❡♥♦ ♥❛
♦❜rá③❦✉ ✸✳✸✳
✶✻
❖❜r✳ ✸✳✷✿ ✭❛✮s❝❤é♠❛t✐❝❦é ③♥á③♦r♥➙♥í ❡❧❡❦tr♦❝❤❡♠✐❝❦é ❡①❢♦❧✐❛❝❡ ▼♦❙2 ✭❜✮ ❢♦t♦❣r❛✜❡ ❦r②st❛❧✉ ▼♦❙2
✉❝❤②❝❡♥é❤♦ ♥❛ ♣❧❛t✐♥➙ ✭❝✮ ❡①❢♦❧✐♦✈❛♥é ✈❧♦↔❦② ▼♦❙2 r♦③♣tý❧❡♥é ✈ r♦③t♦❦✉ ◆❛2❙❖4 ✭❞✮ ▼♦❙2 ✈rst✈②
❞✐s♣❡r❣♦✈á♥② ✈ ◆▼P r♦③t♦❦✉ ✭❡✮ s❝❤é♠❛t✐❝❦á ✐❧✉str❛❝❡ ♣r✐♥❝✐♣✉ ❡❧❡❦tr♦❝❤❡♠✐❝❦é ❡①❢♦❧✐❛❝❡❀ ♣➦❡✈③❛t♦
③✿ ❬✸✵❪
✶✼
❖❜r✳ ✸✳✸✿ ❙❝❤é♠❛ ♠❡t♦❞② ❡❧❡❦tr♦❝❤❡♠✐❝❦é ❧✐t❤✐❛❝❡❀ ♣➦❡✈③❛t♦ ❛ ✉♣r❛✈❡♥♦ ③ ❬✸✶❪
✸✳✸ ❱②✉➸✐tí ▼♦❙2
▼♦❙2 s❡ ✈②✉➸í✈á ✈ ➨✐r♦❦é ➨❦á❧❡ r➲③♥ý❝❤ ❛♣❧✐❦❛❝í✱ ✈❡ ✈❡❧❦é♠ ♠♥♦➸st✈í ♣➦í♣❛❞➲ ❥❛❦♦ ♣➦ís❛❞❛ ❞♦ s✉✲
❝❤ý❝❤ ♠❛③❛❞❡❧✳ ❬✷✾❪ ❚❛❦♦✈ét♦ ♠❛③❛❞❧❛ ❥s♦✉ ♥❡❥↔❛st➙❥✐ ♣♦✉➸í✈á♥❛ ✈ r➲③♥ý❝❤ ♣r➲♠②s❧♦✈ý❝❤ ❛ t➙➸❡❜✲
♥í❝❤ ❦♦♥str✉❦❝í❝❤✱ ✈ ③❡♠➙❞➙❧st✈í ↔✐ ❛r♠á❞➙✳ ▼♦❙2 s❡ ❛♣❧✐❦✉❥❡ ✐ ❥❛❦♦ ❢♦t♦❦❛t❛❧②③át♦r✱ ❦ ❢♦t♦✈♦❧t❛✐❝❦é
✈ýr♦❜➙ ❡♥❡r❣✐❡ ♥❡❜♦ t✈♦r❜➙ ❧✐t❤✐✉♠✲✐♦♥t♦✈ý❝❤ ❜❛t❡r✐í✳ ❬✷✼❪ ❉í❦② ♥❡♥✉❧♦✈é ❤♦❞♥♦t➙ ③❛❦á③❛♥é❤♦ ♣ás✉
❥❡ ▼♦❙2 t❛❦té➸ ♣➦❡❞✉r↔❡♥ ♣r♦ ♣♦✉➸✐tí ✈ ♣♦❧♦✈♦❞✐↔♦✈ý❝❤ s♦✉↔ást❦á❝❤ ♣r♦ ✈ý♣♦↔❡t♥í t❡❝❤♥✐❦✉✳ ❍♦❥♥é
✉♣❧❛t♥➙♥í ♥❛❝❤á③í ✐ ♠♦♥♦✈srt✈❛ ▼♦❙2✱ ❥❡❥í➸ ♣r♦♠✐♥❡♥t♥í ❡❧❡❦tr♦✲ ❛ ❢♦t♦❧✉♠✐♥✐s❝❡♥↔♥í ✈❧❛st♥♦st✐ ❥í
♣➦❡❞✉r↔✉❥í ❦ ✈②✉➸✐tí ✈❡ ❢♦t♦❞❡t❡❦t♦r❡❝❤ ❛ s✈➙t❡❧♥➙ ❡♠✐s♥í❝❤ ③❛➦í③❡♥í❝❤ ✈❡ ✈✐❞✐t❡❧♥é ♦❜❧❛st✐✳ ❬✷✼❪ ❉❛❧➨í
♠♦➸♥♦st ✉♣❧❛t♥➙♥í ♠♦♥♦✈rst✈② ▼♦❙2 ❥❡ ♥❛♣➦í❦❧❛❞ ♣r♦ ✈ýr♦❜✉ tr❛♥③✐st♦r➲ ↔✐ s❡♥③♦r➲✳ ❬✸✵❪
✶✽
✹ ✷❉ ❍❊❚❊❘❖❙❚❘❯❑❚❯❘❨
✹✳✶ ❈♦ ❥❡ t♦ ✷❉ ❤❡t❡r♦str✉❦t✉r❛
P♦❥❡♠ ❤❡t❡r♦str✉❦t✉r❛ ❥❡ ♥❡❥↔❛st➙❥✐ ❝❤á♣á♥ ❥❛❦♦ ❦♦♠❜✐♥❛❝❡ ❞✈♦✉ ♣♦❧♦✈♦❞✐↔♦✈ý❝❤ ♠❛t❡r✐á❧➲ s ♦❞❧✐➨✲
♥ý♠ ③❛❦á③❛♥ý♠ ♣ás❡♠✳ ❬✶❪ P➦í✈❧❛st❡❦ ✷❉ ❥❡ ③❞❡ ✉✈❡❞❡♥ ♣r♦t♦✱ ➸❡ ❥s♦✉ ♣r♦ ❥❡❥✐❝❤ ✈ýr♦❜✉ ♣♦✉➸í✈á♥②
♠♦♥♦✈srt✈② ♠❛t❡r✐á❧➲✱ ❦t❡ré ♠♦❤♦✉ ❡①✐st♦✈❛t ✈ ✷❉ ❢♦r♠➙✳ Pr✐♥❝✐♣ ✈②t✈♦➦❡♥í ❤❡t❡r♦str✉❦t✉r② ❥❡
❥❡❞♥♦❞✉❝❤ý ✲ ✈❡③♠❡ s❡ ♥❛♣➦í❦❧❛❞ ♠♦♥♦✈rst✈❛ ✷❉ ❦r②st❛❧✉ ❛ ✉♠ístí s❡ ♥❛ ♣♦✈r❝❤ ❥✐♥é❤♦ ❥❡❞♥♦✈rs✲
t❡✈♥❛té❤♦ ♥❡❜♦ ✈í❝❡✈rst❡✈♥❛té❤♦ ✷❉ ❦r②st❛❧✉✳ ❚í♠✱ ➸❡ s❡ ♠♦❤♦✉ ❦♦♠❜✐♥♦✈❛t r➲③♥é ✷❉ ♠❛t❡r✐á❧②
✭❞✐❝❤❛❧❦♦❣❡♥✐❞②✱ ❣r❛❢é♥ ❛♣✳✮ ✈✐③ ♦❜rá③❡❦ ✹✳✶✱ ❧③❡ ③ís❦❛t s♣❡❝✐✜❝❦é ✈❧❛st♥♦st✐✱ t②♣✐❝❦é ♣r♦ ❞❛♥♦✉ ❤❡✲
t❡r♦str✉❦t✉r✉✳ ❱ýs❧❡❞♥á ❤❡t❡r♦str✉❦t✉r❛ ❥❡ t❡❞② ✉♠➙❧❡ ♣➦✐♣r❛✈❡♥ý ♠❛t❡r✐á❧✱ ❥❡❤♦➸ ❥❡❞♥♦t❧✐✈é ♠♦♥♦✲
✈rst✈② ❥s♦✉ ✈ r♦✈✐♥➙ st❛❜✐❧♥í ❞í❦② s✐❧♥ý♠ ❦♦✈❛❧❡♥t♥í♠ ✈❛③❜á♠ ❛ ③ár♦✈❡➡ ♠❡③✐ ❥❡❞♥♦t❧✐✈ý♠✐ ✈rst✈②
✈③♥✐❦❛❥í r❡❧❛t✐✈♥➙ s❧❛❜é ✈❛♥ ❞❡r ❲❛❛❧s♦✈② sí❧②✳ ❬✸✷❪ Pr♦t♦ s❡ ↔❛st♦ ❤❡t❡r♦str✉❦t✉rá♠ ✈ ❧✐t❡r❛t✉➦❡
➦í❦á ✈❛♥ ❞❡r ❲❛❛❧s♦✈②✳ P♦↔❡t ❥❡❞♥♦t❧✐✈ý❝❤ ✈rst❡✈ t✈♦➦í❝í ❤❡t❡r♦str✉❦t✉r✉ ♥❡♥í ♥✐❦t❡r❛❦ ♦♠❡③❡♥✳
▲③❡ t❡❞② ✈②r♦❜✐t str✉❦t✉r✉ ♦❜s❛❤✉❥í❝í ♣♦✉③❡ ❞✈➙ ✈rst✈② st❡❥♥➙ t❛❦ ❥❛❦♦ str✉❦t✉r✉ ♦❜s❛❤✉❥í❝í ✈rst❡✈
❞❡s❡t✳ ❏❡ ③➦❡❥♠é✱ ➸❡ ♣➦í♣r❛✈❛ ❤❡t❡r♦str✉t✉r② ♦❜s❛❤✉❥í❝í ❞❡s❡t ✈rst❡✈ ❜② ❜②❧❛ ♥ár♦↔♥➙❥➨í ♥❡➸ ♣➦í♣r❛✈❛
❤❡t❡r♦str✉❦t✉r② ③❛❤r♥✉❥í❝í ♣♦✉③❡ ✈rst✈② ❞✈➙✱ ❛❧❡ ❥❡❞♥á s❡ ♦ stá❧❡ st❡❥♥ý ♣♦st✉♣ ♦♣❛❦✉❥í❝í s❡ ♥❛ ❞❛❧➨í
❛ ❞❛❧➨í ✈rst✈✉✳ Pr✐♥❝✐♣ ❜✉❞♦✈á♥í t➙❝❤t♦ str✉❦t✉r ❥❡ ③♦❜r❛③❡♥ ♥❛ ♦❜rá③❦✉ ✹✳✶✱ ❦❞❡ ❧③❡ ✈✐❞➙t ✐ ❛♥❛❧♦❣✐✐
s❡ s❦❧á❞á♥í♠ ❧❡❣❛ ✲ ✈rst✈❛ ♣➦❡s♥➙ ♣❛s✉❥í❝í ♥❛ ✈rst✈✉ ♣➦❡❞❝❤á③❡❥í❝í✱ ✈②t✈á➦í ❞♦❤r♦♠❛❞② ❦♦♠♣❛❦t♥í
❝❡❧❡❦✳
❖❜r✳ ✹✳✶✿ ❙❦❧á❞á♥í ❥❡❞♥♦t❧✐✈ý❝❤ ✷❉ ♠❛t❡r✐á❧➲ ♥❛ s❡❜❡✱ ✈♣r❛✈♦ ❞♦❧❡ ❥❡❥✐❝❤ ❛♥❛❧♦❣✐❡ ③ ❧❡❣❛ ❛ ✈♣r❛✈♦
♥❛❤♦➦❡ ♣❛❦ s❡③♥❛♠ ♣♦✉➸✐tý❝❤ ✷❉ ♠❛t❡r✐á❧➲❀ ♣➦❡✈③❛t♦ ③ ❬✸✷❪
✶✾
✹✳✷ ❱②✉➸✐tí ❤❡t❡r♦str✉❦t✉r
❱②✉➸✐tí ❤❡t❡r♦str✉❦t✉r ✈②❝❤á③í ③ ❥❡❥✐❝❤ ♥♦✈➙ ♦❜❥❡✈❡♥ý❝❤ s♣❡❝✐✜❝❦ý❝❤ ✈❧❛st♥♦stí ❧✐➨í❝í❝❤ s❡ ❞❧❡ ❦♦♥✲
❦rét♥í❤♦ ❞r✉❤✉ ❤❡t❡r♦str✉❦t✉r②✳ ▼❡③✐ t❛❦♦✈é ✈②✉➸✐tí ♣❛t➦í ♥❛♣➦í❦❧❛❞ ✈ýr♦❜❛ ♥♦✈ý❝❤ ú↔✐♥♥ý❝❤ ▲❊❉
❞✐♦❞ ♣♦♣s❛♥ý❝❤ ✈ ↔❧á♥❦✉ ❬✸✸❪✳ ❉✐♦❞② ♠❛❥í s♥í➸❡♥ý ♣➦❡❝❤♦❞♦✈ý ♦❞♣♦r ❛ ✈②➨➨í ♣r♦✉❞♦✈♦✉ ❤✉st♦t✉
✉♠♦➸➡✉❥í❝í ❥❛s♥➙❥➨í ③á➦❡♥í ▲❊❉ ❞✐♦❞✳ ❬✸✸❪ ❉❛❧➨í ✈②✉➸✐tí ❤❡t❡r♦str✉❦t✉r ❥s♦✉ ❛♣❧✐❦❛❝❡ ✈ ✉❧tr❛t❡♥✲
❦ý❝❤ ❛ ✢❡①✐❜✐❧♥í❝❤ ❡❧❡❦tr♦♥✐❝❦ý❝❤ ③❛➦í③❡♥í ♥❡❜♦ ♣r♦ ✈ýr♦❜✉ ❡①tré♠♥➙ ú↔✐♥♥ý❝❤ ❢♦t♦✈♦❧t❛✐❝❦ý❝❤
③❛➦í③❡♥í✳ ❬✸✹❪ ❉❛❧➨í ❛♣❧✐❦❛❝❡ ❤❡t❡r♦str✉❦t✉r ❥s♦✉ ❧❛❞✐t❡❧♥é ✈❡❧✐❦♦st✐ ③❛❦á③❛♥ý❝❤ ♣ás➲ ❬✸✺❪ ♥❡❜♦ t➦❡❜❛
♣♦✉➸✐tí ✈②s♦❦é ❛❜s♦r♣❝❡ s✈➙t❧❛ ✭❤❡t❡r♦str✉❦t✉r❛ ▼♦❙2✴❲❙2✮ ✉ s♦❧ár♥í❝❤ ↔❧á♥❦➲✱ ❢♦t♦❞❡t❡❦t♦r➲✱
♠♦❞✉❧át♦r➲ ↔✐ ❢♦t♦❦❛t❛❧②③át♦r➲✳ ❬✸✻❪
✹✳✸ ❱ýr♦❜❛ ❤❡t❡r♦str✉❦t✉r
❖❜❡❝♥á ✈ýr♦❜❛ ❤❡t❡r♦str✉❦t✉r s♣♦↔í✈á ✈ ♣➦❡♥❡s❡♥í ❥❡❞♥é ♠♦♥♦✈rst✈② ♥❛♣➦í❦❧❛❞ ❣r❛❢é♥✉ ♥❛ ❥✐➸
✈②t✈♦➦❡♥♦✉ ✈rst✈✉ ✷❉ ❦r②st❛❧✉✳ ❱ tét♦ s❡❦❝✐ ✉✈❡❞✉ ❥❡❞♥♦t❧✐✈é ♠❡t♦❞② ♣➦❡♥♦s✉✱ ❥❡❥✐❝❤ ✈ý❤♦❞② ↔✐
♥❡✈ý❤♦❞②✳ ❚❡♦r❡t✐❝❦② ♥❡❥❧❡♣➨í ♠❡t♦❞❛ ✭♣r♦ ♣♦✉➸✐tí ♥❛ Ú❋■ ❱❯❚ ✈ ❇r♥➙✮ ♣♦té ❜✉❞❡ ♣♦❞r♦❜♥➙
r♦③❡❜rá♥❛ ✈ ❞❛❧➨í ❦❛♣✐t♦❧❡ ✺✱ ✈❡ ❦t❡ré s❡ ❜✉❞❡ ➦❡➨✐t ✐ ❥❡❥í ♦♣t✐♠❛❧✐③❛❝❡✳
✹✳✸✳✶ ❇❡③✈♦❞♥á tr❛♥s♣♦rt♥í ♠❡t♦❞❛ ↔✳✶
❇❡③✈♦❞♥á tr❛♥s♣♦rt♥í ♠❡t♦❞❛✱ ❥❛❦ ❥❡ ✉✈❡❞❡♥♦ ✈ ↔❧á♥❦✉ ❬✸✼❪ s❡ ♣♦✉➸í✈á ♣r♦ ♣➦❡♥♦s ❣r❛❢é♥♦✈é ✈rst✈②
✈②t✈♦➦❡♥é ♣♦♠♦❝í ♠❡t♦❞② ❈❱❉ ✭✈✐③ ✷✳✸✳✷✮ ❛ t♦ ③❡❥♠é♥❛ ♣r♦ ♣➦❡♥♦s ♥❛ ✈♦❞♦✉ ❝✐t❧✐✈é s✉❜strát②✳
❖❜❡❝♥➙ ❧③❡ t✉t♦ ♠❡t♦❞✉ ♣♦✉➸ít ♣r♦ ❧✐❜♦✈♦❧♥é ❝í❧♦✈é s✉❜strát② ✭❞➙r♦✈❛♥é✱ ♣❧♦❝❤é ❛♣✳✮✱ ♥❛ ❦t❡rý❝❤
♠➲➸❡ ❜ýt ♣➦ít♦♠♥❛ ♠♦♥♦✈rst✈❛ ❥✐♥é❤♦ ✷❉ ❦r②st❛❧✉✳
Pr✐♥❝✐♣ ❜❡③✈♦❞♥é tr❛♥s♣♦rt♥í ♠❡t♦❞② ❥❡ ③♦❜r❛③❡♥ ♥❛ ♦❜rá③❦✉ ✹✳✷✳ P♦ ✈②t✈♦➦❡♥í ❣r❛❢é♥♦✈é ♠♦♥♦✲
✈rst✈② ♥❛ ♠➙❞➙♥é ❢ó❧✐✐✱ ❥❡ ♥❛ ♣♦✈r❝❤ ❣r❛❢é♥✉ ♥❛♥❡s❡♥❛ ✈rst✈❛ ♣♦❧②♠❡t②❧♠❡t❛❦r②❧át✉ ✭❞á❧❡ P▼▼❆✮✳
◆❛ ✈rst✈✉ P▼▼❆ s❡ ✉♠ístí rá♠ ③ ♣♦❧②❞✐♠❡t②❧s✐❧♦①❛♥✉ ✭❞á❧❡ P❉▼❙✮✱ ❦t❡rý ❥❡ r❡❧❛t✐✈♥➙ ♣❡✈♥➙ ♣➦✐✲
♣♦❥❡♥ ❦ ✈rst✈➙ P▼▼❆ ❞í❦② ♣➦✐r♦③❡♥é ❛❞❤❡③✐✳ ❱ ❞❛❧➨í♠ ❦r♦❦✉ ❥❡ ✈❧♦➸❡♥❛ ♠➙❞➙♥á ❢ó❧✐❡ s ✈rst✈♦✉
P❉▼❙✴P▼▼❆✴❣r❛❢é♥ ❞♦ ❧❡♣t❛❞❧❛✱ ✈ ♥➙♠➸ ❞♦❝❤á③í ❦ r♦③♣✉➨t➙♥í ♠➙❞✐✳ ❱rst✈❛ P❉▼❙✴P▼▼❆✴❣r❛❢é♥
♣♦té ♣❧❛✈❡ ♥❛ ❤❧❛❞✐♥➙ r♦③♣♦✉➨t➙❞❧❛ ❛ ❞í❦② ✈❤♦❞♥➙ ✉♠íst➙♥é♠✉ rá♠✉ ③ P❉▼❙ ❧③❡ s ✈rst✈♦✉ ❞♦❜➦❡
♠❛♥✐♣✉❧♦✈❛t✳ ❑♦♠♣♦③✐t s❡ ♣♦té ✈②tá❤♥❡✱ ♦♣❧á❝❤♥❡ ❛ ✉s✉➨í ③ ❞➲✈♦❞✉ ♦❞str❛♥➙♥í ③❜②t❦♦✈é❤♦ ❧❡♣t❛✲
❞❧❛✳ ◆ás❧❡❞✉❥❡ ❦r♦❦✱ ♣➦✐ ♥➙♠➸ s❡ ❦♦♠♣♦③✐t ♣➦❡♥❡s❡ ❛ ✉♠ístí ♥❛ ❝í❧♦✈ý s✉❜strát ❧✐❜♦✈♦❧♥é❤♦ t✈❛r✉ ✭♥❛
♦❜rá③❦✉ ❝í❧♦✈ý s✉❜strát ♦❜s❛❤✉❥❡ ❥❛♠❦②✮✳ ❙✉❜strát s❡ ♣❛❦ ③❛❤➦í✈á ♥❛❞ tr❛♥③✐t♥í t❡♣❧♦t✉ P▼▼❆✱
↔í♠➸ ❞♦❝❤á③í ❦ ❧❡♣➨í♠✉ ❦♦♥t❛❦t✉ ♠❡③✐ ❦♦♠♣♦③✐t❡♠ ❛ s✉❜strát❡♠✳ P♦ ③❛❤➦átí ❥❡ ♣➦✐❧♥❛✈♦st ❣r❛❢é♥✉ ❦
s✉❜strát✉ ❞♦st❛t❡↔♥➙ s✐❧♥á✱ t❛❦➸❡ ♠➲➸❡ ❜ýt ♦❞❧❡♣❡♥ rá♠ P❉▼❙ ❜❡③ ♣♦r✉➨❡♥í ✈rst✈② P▼▼❆✴❣r❛❢é♥✳
❋✐♥á❧♥í ❦r♦❦ tr❛♥s♣♦rt✉ ③❛❤r♥✉❥❡ ♦❞str❛♥➙♥í ✈rst✈② P▼▼❆ ✈ ♣❡❝✐ ③❛❤➦áté ♥❛ ✸✺✵◦❈ s ❍2 ❛ ❆r✳ ❬✸✼❪
✹✳✸✳✷ ❱♦❞♥á tr❛♥s♣♦rt♥í ♠❡t♦❞❛ ↔✳✷
❱♦❞♥á tr❛♥s♣♦rt♥í ♠❡t♦❞❛ ❥❡ ③❛❧♦➸❡♥❛✱ ❥❛❦ ♥❛♣♦✈í❞á ♥á③❡✈✱ ♥❛ ♣♦✉➸✐tí ✈♦❞②✳ ❙❝❤é♠❛ tét♦ ♠❡t♦❞②
❥❡ ③♦❜r❛③❡♥♦ ♥❛ ♦❜rá③❦✉ ✹✳✷✳ ❙t❡❥♥➙ ❥❛❦♦ ✉ ♠❡t♦❞② ❜❡③✈♦❞♥é✱ s❡ ③❞❡ ♣♦✉➸í✈á ❣r❛❢é♥ ✈②t✈♦➦❡♥ý
♠❡t♦❞♦✉ ❈❱❉ ✲ ❥❡ t❡❞② ✉♠íst➙♥ ♥❛ ♠➙❞➙♥é ❢ó❧✐✐✳ ❱ ♣r✈♥í ↔ást✐ s❡ ❛♣❧✐❦✉❥❡ ✈rst✈❛ P▼▼❆ ♥❛ ❣r❛❢é♥✱
❛❧❡ ♥❛r♦③❞í❧ ♦❞ ♠❡t♦❞② ❜❡③✈♦❞♥é s❡ ❥✐➸ ♥❡❛♣❧✐❦✉❥❡ rá♠ t✈♦➦❡♥ý P❉▼❙✳ ❱rst✈❛ P▼▼❆✴❣r❛❢é♥ s❡ s
♠➙❞➙♥♦✉ ❢ó❧✐í ✈❧♦➸í ❞♦ r♦③♣♦✉➨t➙❞❧❛✱ ✈❡ ❦t❡ré♠ s❡ ♠➙↕ ú♣❧♥➙ r♦③♣✉stí✳ ❘♦③♣♦✉➨t➙❞❧♦ ❥❡ ♣♦té ③➦❡❞➙♥♦
❛ ♣♦st✉♣♥ý♠ ♣r♦♠ý✈á♥í♠ ❥❡ ♥❛❤r❛③❡♥♦ ❞❡✐♦♥✐③♦✈❛♥♦✉ ✈♦❞♦✉✳ ❱rst✈❛ P▼▼❆✴❣r❛❢é♥ stá❧❡ ♣❧❛✈❡ ♥❛
❤❧❛❞✐♥➙ ✈♦❞②✱ ♣➦✐↔❡♠➸ ♥❛ s♣♦❞❡❦ ♥á❞♦❜② ❥❡ ✉♠íst➙♥ ❝í❧♦✈ý s✉❜strát✱ ❦t❡rý ❥❡ ♥❛❦❧♦♥➙♥ ♣♦❞ ♥➙❥❛❦ý♠
ú❤❧❡♠✳ ◆❛❦❧♦♥➙♥í s✉❜strát✉ ❥❡ ③á♠➙r♥é✱ ❛❜② ♣♦té ♠♦❤❧♦ ❞♦❥ít ❦ ❧❡♣➨í♠✉ r♦③♣r♦st➦❡♥í ✈rst✈② ♥❛
s✉❜strát✳ ❙❛♠♦t♥ý tr❛♥s♣♦rt ✈rst✈② P▼▼❆✴❣r❛❢é♥ ❥❡ ♣r♦✈❡❞❡♥ t❛❦✱ ➸❡ ♣♦♠♦❝í ✐♥❥❡❦↔♥í st➦í❦❛↔❦②
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❥❡ ✈♦❞❛ ♦❞sá✈á♥❛ ③ ♥á❞♦❜② ❛➸ ❞♦ ❞♦❜②✱ ❦❞② ✈rst✈❛ ♣➦✐❧♥❡ ❦ s✉❜strát✉✳ ❑❡ s♣rá✈♥é♠✉ ✉♠íst➙♥í ✈rst✈②
s❡ ♣♦✉➸í✈á ❥❡❤❧❛ ✈✐③ ♦❜rá③❡❦ ✹✳✷ ✭❝✸✮✳ P♦ ♣➦✐❧♥✉tí ✈rst✈② ♥❛ ❝í❧♦✈ý s✉❜strát ❥❡ ♣r♦✈❡❞❡♥♦ ➸í❤á♥í ♣r♦
❧❡♣➨í ♣➦✐❧♥✉tí ❛ ♥❛r♦✈♥á♥í ❣r❛❢é♥♦✈é ✈rst✈② ♥❛ s✉❜strát✉✳ P♦s❧❡❞♥í ❦r♦❦ ③❛❤r♥✉❥❡ ♦❞str❛♥➙♥í ✈rst✈②
P▼▼❆ ♣♦♠♦❝í ❛❝❡t♦♥✉✳ ❬✸✼❪
❖❜r✳ ✹✳✷✿ ❙❝❤é♠❛ ❜❡③✈♦❞♥é tr❛♥s♣♦rt♥í ♠❡t♦❞② ✭❛✮ ❛ ✈♦❞♥é tr❛♥s♣♦rt♥í ♠❡t♦❞② ✭❝✮ ❀ ♣➦❡✈③❛t♦
③ ❬✸✼❪
✹✳✸✳✸ ▼❡t♦❞❛ ↔✳✸
❚❛t♦ ♠❡t♦❞❛ ❥❡ ✉r↔❡♥❛ ♣r♦ ♣➦❡♥♦s ❣r❛❢é♥♦✈é ♠♦♥♦✈rst✈②✱ ✈②t✈♦➦❡♥é ♣♦♠♦❝í ❈❱❉ ♥❛ ♠➙❞➙♥é ❢ó❧✐✐✳
❙❝❤é♠❛ ♠❡t♦❞② ❥❡ ③♦❜r❛③❡♥♦ ♥❛ ♦❜rá③❦✉ ✹✳✸✳ ❱ ♣r✈♥í ↔ást✐ s❡ ♥❛ ❣r❛❢é♥ ♥❛♥❡s❡ ✈rst✈❛ ♣♦❧②♠❡r➲
♣♦❧②❜✉t❛❞✐❡♥✉ ✭❞á❧❡ P❇❯✮ ❛ ♥❛ ♥➙❥ ✈rst✈❛ P▼▼❆✳ ❖♣r♦t✐ ❜❡③✈♦❞♥é ♠❡t♦❞➙✱ ✉✈❡❞❡♥é ✈ ✹✳✸✳✶✱
s❡ ③❞❡ ♣➦✐❞á✈á ✈rst✈❛ P❇❯ ③ ❞➲✈♦❞✉✱ ➸❡ ③❛❜r❛➡✉❥❡ ♣➦✐ ♣➦❡♥♦s✉ ③♠➙♥➙ ❋❡r♠✐❤♦ ❤❧❛❞✐♥② ❬✸✽❪ ❛
♥❛✈í❝ s♥✐➸✉❥❡ ♣♦↔❡t ♥❛❜✐tý❝❤ ♥❡↔✐st♦t ♥❡❜♦ ③❜②t❦➲ ❥❛❦♦ ❥❡ ♥❛♣➦✳ P▼▼❆✳ ❬✸✾❪ P♦ ♥❛♥❡s❡♥í ✈rst✈②
♣♦❧②♠❡r➲ ❥❡ ❦♦♠♣♦③✐t ✈❧♦➸❡♥ ❞♦ r♦③♣♦✉➨t➙❞❧❛✱ ❦❞❡ ❞♦❝❤á③í ❦ ♦❞❧❡♣tá♥í ♠➙❞➙♥é ❢ó❧✐❡✳ ◆ás❧❡❞♥➙
❥❡ r♦③♣♦✉➨t➙❞❧♦ ♥❛❤r❛③❡♥♦ ♦♣❛❦♦✈❛♥ý♠ ♣r♦♠ý✈á♥í♠ ❞❡✐♦♥✐③♦✈❛♥♦✉ ✈♦❞♦✉ ③❛ s♦✉↔❛s♥é❤♦ ♣❧♦✈á♥í
✈rst✈② P▼▼❆✴P❇❯✴❣r❛❢é♥ ♥❛ ❤❧❛❞✐♥➙✳ ❱ ❞❛❧➨í ↔ást✐ ❥❡ ✈②t✈♦➦❡♥ ❥❡❞♥♦❞✉❝❤ý ❞r➸á❦ ✈✐③ ♦❜rá③❡❦ ✹✳✸✱
❦t❡rý♠ ❧③❡ ✈rst✈✉ ③ ✈♦❞② ✈②tá❤♥♦✉t✳ ❉r➸á❦ ✐ s ✈rst✈♦✉ ❥❡ ✉♠íst➙♥ ❞♦ ✈❛❦✉♦✈é ❦♦♠♦r②✱ ❦❞❡ ❥❡ ✈rst✈❛
③❛❤➦á♥❛ ♥❛ ✻✵◦❈ ♣♦ ❞♦❜✉ ❥❡❞♥é ❤♦❞✐♥②✱ ③ ❞➲✈♦❞✉ ✈②s✉➨❡♥í ✈③♦r❦✉✳ ❉r➸á❦ ❥❡ ♣♦ ✈②t❛➸❡♥í ③ ❦♦♠♦r②
✉♠íst➙♥ ♥❛ ❝í❧♦✈ý s✉❜strát✱ ❦❞❡ ❥❡ ♣♦♠♦❝í ❞✉sí❦✉ ✈rst✈❛ ♣➦✐t❧❛↔❡♥❛ ❦ s✉❜strát✉✳ P➦✐ t♦♠t♦ ❦r♦❦✉
s❡ s♦✉↔❛s♥➙ ③❛❤➦í✈á ❝í❧♦✈ý s✉❜strát✱ ❝♦➸ ③✈②➨✉❥❡ r♦✈♥♦♠➙r♥é r♦③❞➙❧❡♥í ✈rst✈② P▼▼❆✴P❇❯✴❣r❛❢é♥
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♥❛ s✉❜strát ❛ t❛❦té➸ ❞♦❝❤á③í ❦ ❧❡♣➨í ❛❞❤❡③✐ ❣r❛❢é♥✉✳ ❱ ♣♦s❧❡❞♥í ↔ást✐ s❡ ♦❞str❛♥í ✈rst✈② ♣♦❧②♠❡r➲
✈❤♦❞♥ý♠✐ r♦③♣♦✉➨t➙❞❧② ✭❛❝❡t♦♥✱t♦❧✉❡♥✮✳ ❬✹✵❪
❖❜r✳ ✹✳✸✿ ❙❝❤é♠❛ ♠❡t♦❞② ↔✳✸ ❀ ♣➦❡✈③❛t♦ ❛ ✉♣r❛✈❡♥♦ ③ ❬✹✵❪
✹✳✸✳✹ ▼❡t♦❞❛ ↔✳✹
▼❡t♦❞❛ ↔✳ ✹ ❥❡ s❝❤é♠❛t✐❝❦② ③♦❜r❛③❡♥❛ ♥❛ ♦❜rá③❦✉ ✹✳✹✳ ◆❡❥♣r✈❡ s❡ ♥❛ s✉❜strát ❦➦❡♠í❦✉ ♥❛♥❡s❡ ✈❡
✈♦❞➙ r♦③♣✉st♥ý ♣♦❧②♠❡r ♥❛♣➦✳ ♣♦❧②✈✐♥②❧❛❧❦♦❤♦❧ ✭P❱❆✮ ❛ ♥❛ ♥➙❥ ✈❡ ✈♦❞➙ ♥❡r♦③♣✉st♥ý ♣♦❧②♠❡r ♥❛♣➦✳
P▼▼❆✳ ◆❛ s✉❜strát s ✈rst✈♦✉ P❱❆✴P▼▼❆ s ♣♦♠♦❝í ♠❡t♦❞② ♠✐❦r♦♠❡❝❤❛♥✐❝❦é❤♦ ➨tí♣á♥í ✭♣♦♣s❛♥é
✈ ✷✳✸✳✶✮ ❥❡ ✈②t✈♦➦❡♥❛ ✈❧♦↔❦✉ ❣r❛❢é♥✉✳ ❙✉❜strát s P❱❆✴P▼▼❆✴❣r❛❢é♥ s❡ ✈❧♦➸í ❞♦ ✈♦❞②✱ ❦❞❡ ❞♦❝❤á③í
❦ r♦③♣✉➨t➙♥í ✈rst✈② P❱❆✳ ❱rst✈❛ P▼▼❆✴❣r❛❢é♥ ♣♦té ♣❧❛✈❡ ♥❛ ❤❧❛❞✐♥➙ ❛ ❥❡ ✈②r②❜❛➦❡♥❛ ♣♦♠♦❝í
↔t✈❡r❝♦✈é❤♦ ♦❦♥❛ ③ ❧❡♣í❝í ♣ás❦②✳ ❖❦♥♦ s ✈rst✈♦✉ P▼▼❆✴❣r❛❢é♥ ❥❡ ❞á❧❡ ✉♠íst➙♥♦ ❦ ♠✐❦r♦♣♦s✉✈✉
♣♦❞ ♦♣t✐❝❦ý ♠✐❦r♦s❦♦♣✱ ❞í❦② ♥➙♠✉➸ ❧③❡ ✉♠íst✐t ✈❧♦↔❦✉ ❣r❛❢é♥✉ ♥❛ ❦♦♥❦rét♥í ♠íst♦ ♥❛ ❝í❧♦✈é♠
s✉❜strát✉✳ P♦♠❛❧ý♠ ♣➦✐❜❧✐➸♦✈á♥í♠ ❛ ③❛♠➙➦♦✈á♥í♠ ♣♦♠♦❝í ♠✐❦r♦s❦♦♣✉ ❞♦❥❞❡ ❦ ♣➦✐❧♥✉tí ✈rst✈②
P▼▼❆✴❣r❛❢é♥ ♥❛ ❝í❧♦✈ý s✉❜strát✳ ❙✉❜strát ❥❡ ♣♦t♦♠ ✈②♣é❦á♥ ♥❛ t❡♣❧♦t✉ ♦❦♦❧♦ ✶✵✵◦❈ ❛ ♦♣❧á❝❤♥✉t
♣♦♠♦❝í ❛❝❡t♦♥✉ ♣r♦ ♦❞str❛♥➙♥í ✈rst✈② P▼▼❆✳ ❬✹✶❪
❖❜r✳ ✹✳✹✿ ❙❝❤é♠❛ ♠❡t♦❞② ↔✳ ✹❀ ✭✐✮ s✉❜strát ❙✐ s ✈rst✈♦✉ P❱❆✴P▼▼❆✴❣r❛❢é♥ ❥❡ ✈❧♦➸❡♥ ❞♦ ✈♦❞② ✭✐✐✮
♣♦ r♦③♣✉➨t➙♥í ✈rst✈② P❱❆ ❞♦❝❤á③í ❦ ♣♦❦❧❡s✉ s✉❜strát✉ ❛ ✈rst✈❛ P▼▼❆✴❣r❛❢é♥ ♣❧❛✈❡ ♥❛ ❤❧❛❞✐♥➙ ✭✐✐✐✮
♥❛ r❛♠❡♥♦ ♠✐❦r♦♣♦s✉✈✉ ❥❡ ✉♠íst➙♥♦ ♦❦♥♦ ③ ❧❡♣í❝í ♣ás❦② ♦❜s❛❤✉❥í❝í ✈rst✈✉ P▼▼❆✴❣r❛❢é♥✱ ♣➦✐↔❡♠➸
✈❡ s♣♦❞♥í ↔ást✐ ❥❡ ✉♠íst➙♥ ❝í❧♦✈ý s✉❜strát s ✈rst✈♦✉ ♥❛♣➦✳ ▼♦❙2 ✭✐✈✮ ✈②t✈♦➦❡♥í ❤❡t❡r♦str✉❦t✉r②❀
♣➦❡✈③❛t♦ ❛ ✉♣r❛✈❡♥♦ ③ ❬✹✶❪
✷✷
✹✳✸✳✺ ▼❡t♦❞❛ ↔✳✺
❚❛t♦ ♠❡t♦❞❛ ❥❡ ♣♦❞♦❜♥á ♠❡t♦❞➙ ↔✳ ✹✳ ❱ ♣r✈♥í♠ ❦r♦❦✉ s❡ ♥❛ ❦➦❡♠í❦♦✈ý s✉❜strát ♦♣➙t ♥❛♥❡s❡ ✈rst✈❛
P❱❆✱ ♥❛ ❦t❡r♦✉ s❡ ♣♦♠♦❝í ♠✐❦r♦♠❡❝❤❛♥✐❝❦é❤♦ ➨tí♣á♥í ♥❛♥á➨í ✈❧♦↔❦② ❣r❛❢é♥✉✳ ◆ás❧❡❞✉❥❡ ♥❛♥❡s❡♥í
✈rst✈② P▼▼❆ ✲ ↔í♠➸ s❡ ✈②t✈♦➦í ✈ýs❧❡❞♥á ✈rst✈❛ P❱❆✴❣r❛❢é♥✴P▼▼❆ ♦❞❧✐➨♥á ♦❞ ✈rst✈② ✈ ♠❡t♦❞➙
↔✳✹✳ ❉❛❧➨í r♦③❞í❧ ♦♣r♦t✐ ♠❡t♦❞➙ ↔✳✹ ❥❡✱ ➸❡ ♦❦♥♦ ③ ❧❡♣í❝í ♣ás❦② s❡ ♣➦✐❧❡♣í ♥❛ ✈③♦r❡❦ s ✈rst✈♦✉ ❥❡➨t➙ ♣➦❡❞
✈❧♦➸❡♥í♠ ❞♦ ✈♦❞②✳ P♦ ♦❞❧❡♣tá♥í s♣♦❞♥í ✈rst✈② P❱❆ ✈②♣❧❛✈❡ ♥❛ ❤❧❛❞✐♥✉ ✈♦❞② ♦❦♥♦ s ♠❡♠❜rá♥♦✉
P▼▼❆ ❛ ✈❧♦↔❦♦✉ ❣r❛❢é♥✉✳ ◆ás❧❡❞✉❥❡ ✈②t❛➸❡♥í ♣♦♠♦❝í ♣✐♥③❡t② ❛ ❞❛❧➨í ♣♦st✉♣ ❥❡ ❥✐➸ st❡❥♥ý ❥❛❦♦ ✉
♠❡t♦❞② ↔✳ ✹✳ ❙❝❤é♠❛ ♦❞❧❡♣tá♥í s♣♦❞♥í ✈rst✈② P❱❆ ✉ ♠❡t♦❞② ↔✳✺ ❥❡ ③♦❜r❛③❡♥♦ ♥❛ ♦❜rá③❦✉ ✹✳✺✳
❖❜r✳ ✹✳✺✿ ✭❛✮ ❦➦❡♠í❦♦✈ý s✉❜strát s ✈rst✈♦✉ P❱❆✴❣r❛❢é♥✴P▼▼❆ s ♥❛❧❡♣❡♥ý♠ rá♠❡♠ ③ ❧❡♣í❝í ♣ás❦②
✭❜✮ ✈❧♦➸❡♥í s✉❜strát✉ s ✈rst✈♦✉ ❛ rá♠❡♠ ❞♦ ✈♦❞② ✭❝✮ ♣♦↔át❡❦ ❧❡♣tá♥í ✈rst✈② P❱❆ ✭❞✮ ③ ♣➲❧❦②
♦❞❧❡♣t❛♥á ✈rst✈❛ P❱❆ ✭❡✮ té♠➙➦ ♦❞❧❡♣t❛♥á ✈rst✈❛ P❱❆ ✭❢✮ ♦❞tr➸❡♥í rá♠✉ s ✈rst✈♦✉ ❣r❛❢é♥✴P▼▼❆
♦❞ ❦➦❡♠í❦♦✈é❤♦ s✉❜strát✉
✹✳✹ ❱ý❜➙r t❡♦r❡t✐❝❦② ♥❡❥❧❡♣➨í ♠❡t♦❞②
❏❛❦♦ ♥❡❥❧❡♣➨í ♠❡t♦❞✉✱ ❦t❡r♦✉ s❡ ❜✉❞✉ ♣♦s❧é③❡ ③❛❜ý✈❛t ✈ ❦❛♣✐t♦❧❡ ✺ ❥s❡♠ ✉r↔✐❧ ♠❡t♦❞✉ ↔✳ ✹✳ ❍❧❛✈♥í
✈ý❤♦❞❛ tét♦ ♠❡t♦❞② s♣♦↔í✈á ✈ ♣♦✉➸✐tí ❣r❛❢é♥✉ ✈②t✈♦➦❡♥é❤♦ ♠✐❦r♦♠❡❝❤❛♥✐❝❦ý♠ ➨tí♣á♥í♠✳ ❯ ❣r❛❢é♥✉
✈②t✈♦➦❡♥é❤♦ ♠❡t♦❞♦✉ ❈❱❉ ♠➲➸❡ ↔❛st♦ ❞♦❥ít ❦❡ ❦♦♥t❛♠✐♥❛❝✐ ❦♦✈♦✈ý♠✐ ✐♦♥t② ✭❛➫ ✉➸ ③❜②t❦② ♥❡♦❞✲
❧❡♣t❛♥é ♠➙❞✐ ♥❡❜♦ ♥❛♣➦í❦❧❛❞ ✐♦♥t② ➸❡❧❡③❛✱ ❦t❡ré s❡ ↔❛st♦ ♣♦✉➸í✈á ❥❛❦♦ s♦✉↔ást ❧❡♣t❛❞❧❛✮✳
❱ý❤♦❞❛ ♦♣r♦t✐ ♠❡t♦❞➙ ↔✳ ✸ ❥❡✱ ➸❡ ♥❡♥í ♣♦t➦❡❜❛ ♣♦✉➸í✈❛t t❧❛❦ ♣❧②♥✉ ❞✉sí❦✉ ♣r♦ ✈②t❧❛↔❡♥í ✈rst✈② ③
❞r➸á❦✉✳ P➦✐ t♦♠t♦ ❦r♦❦✉ ♠➲➸❡ t♦t✐➸ ❞♦❥ít ❦ ♠❡❝❤❛♥✐❝❦é♠✉ ♣♦➨❦♦③❡♥í ✈rst✈②✳ ▼❡t♦❞❛ ↔✳ ✷ ❥❡ t➙➸❦♦
♣♦✉➸✐t❡❧♥á ❦ ✈ýr♦❜➙ ❤❡t❡r♦str✉❦t✉r✱ ❥❡❧✐❦♦➸ ❝í❧♦✈ý s✉❜strát ❥❡ ✐ s ✷❉ ✈rst✈♦✉ ♣♦♥♦➦❡♥ ❞♦ ✈♦❞② ❛ ♣➦✐
❞♦❧é❤á♥í ✈rst✈② P▼▼❆✴❣r❛❢é♥✉ ♥❡♠✉sí ❞♦❥ít ❦ ú♣❧♥➙ t➙s♥é♠✉ ❦♦♥t❛❦t✉✳ ◆❛✈í❝ ③❞❡ ♥❡♥í ♠♦➸♥é
❦♦♥tr♦❧♦✈❛t ✉♠íst➙♥í ❣r❛❢é♥♦✈é ✈rst✈② ♥❛ ❝í❧♦✈ý s✉❜strát✳
◆❡✈ý❤♦❞② ♠❡t♦❞② ↔✳ ✶ ❥s♦✉ ✈ t♦♠✱ ➸❡ s❡ ❥❡❞♥á ♦ ❣r❛❢é♥ ✈②t✈♦➦❡♥ý ♠❡t♦❞♦✉ ❈❱❉ ❛ t❛❦é ③❞❡ ❜✉❞❡
♣r❛✈❞➙♣♦❞♦❜♥➙ ♣r♦❜❧é♠ s ♦❞❧❡♣❡♥í♠ rá♠✉ P❉▼❙ ❜❡③ ❥❛❦é❤♦❦♦❧✐✈ ♠❡❝❤❛♥✐❝❦é❤♦ ♣♦➨❦♦③❡♥í ✈rst✈②
P▼▼❆✴❣r❛❢é♥✳ ❖♣r♦t✐ ♠❡t♦❞➙ ✹✳ ❛ ✺✳ ❥❡ ✈➨❛❦ ✐ ↔❛s♦✈➙ ♥ár♦↔♥➙❥➨í✳
❏❡st❧✐➸❡ s❡ ♣♦r♦✈♥❛❥í ♠❡t♦❞② ↔✳ ✹ ❛ ↔✳ ✺✱ ❧③❡ ➦í❝✐✱ ➸❡ ❣r❛❢é♥ ✈②t✈♦➦❡♥ý ♠❡t♦❞♦✉ ↔✳ ✹ ♠á ❥✐st♦✉ ✈ý❤♦❞✉
❞í❦② t♦♠✉✱ ➸❡ ❥❡ ✈ ❦♦♥t❛❦t✉ s ♣♦❧②♠❡r❡♠ ❥❡♥ ③ ❥❡❞♥é str❛♥②✳ ◆❛♦♣❛❦ ✉ ♠❡t♦❞② ↔✳ ✺ ❤r♦③í ✈ýs❦②t
r❡③✐❞✉í ♣♦❧②♠❡r➲ ✉ ❣r❛❢é♥✉ ③ ♦❜♦✉ str❛♥✳ ❉❛❧➨í ♥❡✈ý❤♦❞❛ ✉ ♠❡t♦❞② ↔✳ ✺ ❥❡ t❛✱ ➸❡ ♣➦✐ s♣✐♥❝♦❛t✐♥❣✉
✷✸
✭♥❛♥á➨❡♥í ♣♦❧②♠❡r➲ ✈✐③ ❞á❧❡✮ s❡ ♠➲➸❡ stát✱ ➸❡ s❡ ♥❛❧❡③❡♥ý ❣r❛❢é♥ ③♥✐↔í✳ ◆❛ ❞r✉❤♦✉ str❛♥✉ ❥❡ ✉
♠❡t♦❞② ↔✳ ✹ ♥❛✈í❝ ❦r♦❦ r②❜❛➦❡♥í✱ ❝♦➸ s❡ ✉ ♠❡t♦❞② ↔✳ ✺ ✈➲❜❡❝ ➦❡➨✐t ♥❡♠✉sí✳ ▼❡t♦❞❛ ↔✳ ✺ ❥❡ t❡❞②
❥❡❞♥♦❞✉➨➨í✱ ❛❧❡ ❥❛❦♦ t❡♦r❡t✐❝❦② ♥❡❥❧❡♣➨í ♠❡t♦❞✉ ❥s❡♠ ③✈♦❧✐❧ ♠❡t♦❞✉ ↔✳ ✹ ❛ t♦ ❤❧❛✈♥➙ ❦✈➲❧✐ ↔✐st♦t➙
✈②t✈♦➦❡♥é❤♦ ❣r❛❢é♥✉✳
❱ ❞❛❧➨í❝❤ ❦❛♣✐t♦❧á❝❤ s❡ t❡❞② ❜✉❞✉ ③❛❜ý✈❛t ♠❡t♦❞♦✉ ↔✳ ✹ ❛ ❥❡❥í ♦♣t✐♠❛❧✐③❛❝í✳
✷✹
✺ ❚❘❆◆❙P❖❘❚ ●❘❆❋➱◆❯
✺✳✶ ❱②t✈♦➦❡♥í ❞✈♦✉✈rst✈②
❈❡❧á tr❛♥s♣♦rt♥í ♠❡t♦❞❛ ③❛↔í♥á ✈②t✈♦➦❡♥í♠ ❞✈♦✉✈rst✈② ♥❛ s✉❜strát ❦➦❡♠í❦✉ ♣♦♠♦❝í s♣✐♥❝♦❛t✐♥❣✉✶
❏❛❦♦ ✈❡ ✈♦❞➙ r♦③♣✉st♥ý ♣♦❧②♠❡r ❜②❧ ♣♦✉➸✐t ✹✱✼✪ r♦③t♦❦ ♣♦❧②✈✐♥②❧❛❧❦♦❤♦❧✉ ✭❞á❧❡ ❥❡♥ ❥❛❦♦ P❱❆✮ ❛
✈❡ ✈♦❞➙ ♥❡r♦③♣✉st♥ý ✺✱✺✪ r♦③t♦❦ ♣♦❧②♠❡t②❧♠❡t❛❦r②❧át✉ r♦③♣✉➨t➙♥é❤♦ ✈ ❛♥✐s♦❧✉ ✭❞á❧❡ ♣♦✉➸í✈á♥♦
③❦rá❝❡♥➙ ❥❡♥ ❥❛❦♦ P▼▼❆✮✳ ❱ ❞♦❞❛t❦✉ ❆ ❥s♦✉ ✉✈❡❞❡♥② ❥❡❥✐❝❤ ③á❦❧❛❞♥í ✈❧❛st♥♦st✐ ❛ ✈②✉➸✐tí✳
❚❧♦✉➨➫❦❛ ❞✈♦✉✈rst✈② ❜② ♠➙❧❛ ❜ýt ❝❝❛ ✹✾✵ ♥♠ ❛ t♦ ③ ❞➲✈♦❞✉ ✈②s♦❦é❤♦ ❦♦♥tr❛st✉ ♣r♦ ✈✐❞✐t❡❧♥♦st
❣r❛❢é♥♦✈é ✈❧♦↔❦②✳ ❚❛t♦ s❦✉t❡↔♥♦st ❧③❡ ③❞➲✈♦❞♥✐t ❞í❦② ♦❜rá③❦✉ ✷✳✺✱ ❥❡➸ ✉❦❛③✉❥❡ ③á✈✐s❧♦st ❦♦♥tr❛st✉
❣r❛❢é♥✉ ❥❛❦♦ ❢✉♥❦❝❡ ✈❧♥♦✈é ❞é❧❦② s✈➙t❧❛ ❛ t❧♦✉➨➫❦② ❙✐❖2✳ ❏❡❧✐❦♦➸ ❥❡ ✐♥❞❡① ❧♦♠✉ ❙✐❖2 sr♦✈♥❛t❡❧♥ý ❥❛❦
s P❱❆ t❛❦ ✐ s P▼▼❆ ✭♥PV A = 1, 52✱ ♥PMMA = 1, 49✱ ♥SiO2 = 1, 46✮ ❧③❡ ❞❛t❛ ③ ♦❜rá③❦✉ ♣♦✈❛➸♦✈❛t
③❛ ♣♦✉➸✐t❡❧♥é ✐ ♣r♦ ❞✈♦✉✈rst✈✉ P❱❆✴P▼▼❆✳ Pr♦ ➸❧✉té s✈➙t❧♦ ✭λ = 570 − 590 ♥♠✮ ❛♣❧✐❦♦✈❛♥é ✈
♦♣t✐❝❦é♠ ♠✐❦r♦s❦♦♣✉✱ ♥❛stá✈á ♥❡❥✈➙t➨í ❦♦♥tr❛st ✈✐❞✐t❡❧♥♦st✐ ❣r❛❢é♥✉ ♣r♦ t❧♦✉➨➫❦② ✈rst✈② ❙✐❖2 ✲ ✷✽✵✱
✹✾✵ ❛ ✻✽✵ ♥♠ ✭ ✈✐③ ✷✳✺✮✳ ❊①♣❡r✐♠❡♥tá❧♥➙ ❜②❧♦ ③❥✐➨t➙♥♦✱ ➸❡ ♥❡❧③❡ ♣➦✐♣r❛✈✐t ❞✈♦✉✈rst✈✉ t❧♦✉➨➫❦② ✷✽✵ ♥♠
♣r♦ ♣♦✉➸✐té ❦♦♥❝❡♥tr❛❝❡ ♣♦❧②♠❡r➲ ❛ ③❛tí♠❝♦ t❧♦✉➨➫❦❛ ✻✽✵ ♥♠ s✐❝❡ ❞♦s❛➸✐t❡❧♥á ❥❡✱ ❛❧❡ ❞✈♦✉✈rst✈❛
❥❡ ♥❡✈②❤♦✈✉❥í❝í✱ ♣r♦t♦➸❡ ❞í❦② ♠❛❧ý♠ ♣♦✉➸✐tý♠ r②❝❤❧♦st❡♠ ❥s♦✉ ✈rst✈② t❧♦✉➨➫❦♦✈➙ ♥❡❤♦♠♦❣❡♥♥í✳
■❞❡á❧♥í t❧♦✉➨➫❦❛ ❜②❧❛ t❡❞② st❛♥♦✈❡♥❛ ❥❛❦♦ ≃ 490 ♥♠✳
P♦st✉♣ ✈ýr♦❜② ❞✈♦✉✈rst✈② ❜②❧ ♥ás❧❡❞✉❥í❝í ✲ ♥❡❥♣r✈❡ ❜②❧♦ ♣♦♠♦❝í ♣✐♣❡t② ♥❛❜rá♥♦ ✉r↔✐té ♠♥♦➸st✈í
P❱❆ ✭✈ ③á✈✐s❧♦st✐ ♥❛ ✈❡❧✐❦♦st✐ ♣❧♦❝❤② s✉❜strát✉✮ ❛ r♦③♣r♦st➦❡♥♦ ♥❛ ✉❝❤②❝❡♥é♠ ❦➦❡♠í❦♦✈é♠ s✉❜strát✉
♥❛ s♣✐♥❝♦❛t❡r✉✳ ◆ás❧❡❞♥➙ ❜②❧ ♣♦✉➸✐t ♠ó❞ s♣✐♥❝♦❛t❡r✉ s ♣❛r❛♠❡tr② ✲ ✷✽✵✵ ♦t✴♠✐♥ ♣♦ ❞♦❜✉ ❥❡❞♥é
♠✐♥✉t②✳ P♦♠♦❝í r❡✢❡❦t♦♠❡tr✉ ◆❛♥♦❝❛❧❝ ✷✵✵✵✷ ❜②❧❛ ③ís❦á♥❛ ✐♥❢♦r♠❛❝❡✱ ➸❡ t❛❦t♦ ✈②t✈♦➦❡♥á ✈rst✈❛
P❱❆ ♠á t❧♦✉➨➫❦✉ ≃ 120 ♥♠✳ ◆ás❧❡❞♦✈❛❧♦ ✈②t✈♦➦❡♥í ✈rst✈② P▼▼❆✱ ❦t❡rý s❡ ♥❛❜r❛❧ ♦♣➙t ♣♦♠♦❝í
♣✐♣❡t② ❛ ✉♠íst✐❧ ♥❛ ❦➦❡♠í❦♦✈ý s✉❜strát s ✈rst✈♦✉ ≃ 120 ♥♠ P❱❆✳ ❊①♣❡r✐♠❡♥tá❧♥í♠ ③❦♦✉➨❡♥í♠ ❜②❧♦
❞♦❝í❧❡♥♦ t♦❤♦✱ ➸❡ ♣r♦ ❤❧❡❞❛♥♦✉ ✈rst✈✉ P▼▼❆ t❧♦✉➨➫❦② ≃ 370 ♥♠✱ ❥❡ t➦❡❜❛ ♥❛st❛✈✐t ♠ó❞ s♣✐♥❝♦❛t❡r✉
s ♣❛r❛♠❡tr② ✸✵✵✵ ♦t✴♠✐♥ ♣♦ ❞♦❜✉ ✶ ♠✐♥✉t②✳ Pr♦ ❧❡♣➨í ❞♦❧é❤❛✈♦st ✈rst❡✈ ❜②❧② ❥❡❞♥♦t❧✐✈é ✈rst✈② ✈➸❞②
✈②♣❡↔❡♥② ♣♦ ❞♦❜✉ ❞✈♦✉ ♠✐♥✉t ♥❛ ✽✵◦ ❈✳ ❱ýs❧❡❞❦❡♠ ❥❡ t❡❞② ✈rst✈❛ s t❧♦✉➨➫❦♦✉ ≃ 490 ♥♠ ✲ ✐❞❡á❧♥í
♣r♦ ❤❧❡❞á♥í ❣r❛❢é♥♦✈ý❝❤ ✈❧♦↔❡❦ ♣♦❞ ♦♣t✐❝❦ý♠ ♠✐❦r♦s❦♦♣❡♠✳
❋♦t❦❛ ❦➦❡♠í❦♦✈é❤♦ s✉❜strát✉ s ✈rst✈♦✉ P❱❆ ❥❡ ♥❛ ♦❜rá③❦✉ ✺✳✶ ✭❛✮ ✱ ❢♦t❦❛ ❦➦❡♠í❦♦✈é❤♦ s✉❜strát✉ s
✈rst✈♦✉ P❱❆✴P▼▼❆ ❥❡ ♥❛ ♦❜rá③❦✉ ✺✳✶ ✭❜✮✳
✺✳✷ ❊①❢♦❧✐❛❝❡ ❣r❛❢é♥✉
P♦ ✈②t✈♦➦❡♥í ❞✈♦✉✈rst✈② P❱❆✴P▼▼❆ ♥❛ ❦➦❡♠í❦♦✈ý s✉❜strát ♥❛stá✈á ❦r♦❦✱ ❦❞② ❥❡ t➦❡❜❛ ✈②t✈♦➦✐t
❣r❛❢é♥♦✈♦✉ ✈❧♦↔❦✉ ♥❛ ✈rst✈✉✳ Pr♦ ✈②t✈♦➦❡♥í ✈❧♦↔❦② ❥❡ ♣♦✉➸✐t❛ ♠❡t♦❞❛ ♠✐❦r♦♠❡❝❤❛♥✐❝❦é❤♦ ➨tí♣á♥í
✶❙♣✐♥❝♦❛t✐♥❣ ❥❡ ♣r♦❝❡s ♥❛♥á➨❡♥í t❡♥❦ý❝❤ ✈rst❡✈ ♥❛ r♦✈✐♥♥é s✉❜strát②✳ Pr♦❝❡s ❥❡ ♣r♦✈á❞➙♥ ♣♦♠♦❝í s♣✐♥❝♦❛t❡r✉✱ ❦❞②
♥❛ ♣❡✈♥➙ ✉❝❤②❝❡♥ý s✉❜strát ❥❡ ❞♦♣r♦st➦❡❞ ♥❛♥❡s❡♥ ✉r↔✐tý ♦❜❥❡♠ ❦❛♣❛❧✐♥②✱ ❦t❡r♦✉ ❥❡ t➦❡❜❛ r♦③♣r♦st➦ít ♣♦ s✉❜strát✉✳
❖tá↔❡♥í♠ s✉❜strát✉ ❥❡ ❞♦s❛➸❡♥♦ r♦③♠íst➙♥í t❡♥❦é ✈rst✈② ♣♦ ❝❡❧é♠ s✉❜strát✉ ♣♦♣➦✳ ✐ ♠✐♠♦ ♥➙❥✳ ❩♠➙♥♦✉ r②❝❤❧♦st✐ ↔✐
③r②❝❤❧❡♥í ♦tá↔❡❦ ❧③❡ ♣♦té ❦♦r✐❣♦✈❛t t❧♦✉➨➫❦✉ ♥❛♥❡s❡♥é ✈rst✈②✳
✷ ❩❛➦í③❡♥í✱ ❥❡➸ ❥❡ ♣♦✉➸í✈á♥♦ ❦ ✉r↔❡♥í t❧♦✉➨➫❦② t❡♥❦ý❝❤ ✈rst❡✈ ↔✐ ❦ ✉r↔❡♥í ✐♥❞❡①✉ ❧♦♠✉ ♥❡③♥á♠é❤♦ ♠❛t❡r✐á❧✉
✭♥❡ ✈➨❛❦ ♦❜♦✉ ❞♦❤r♦♠❛❞②✮✳ ❱③♦r❡❦ ❥❡ ♦s✈í❝❡♥ ♥❛ ❦♦❧♠♦ s✈➙t❧❡♠ ❛ ❥❡ ♠➙➦❡♥❛ ✐♥t❡♥③✐t❛ ❞♦♣❛❞❛❥í❝í❤♦✱ ♣r♦➨❧é❤♦ ❛
♦❞r❛➸❡♥é❤♦ s✈➙t❧❛✳ ❏❡st❧✐➸❡ ❥❡ ③♥á♠ ✐♥❞❡① ❧♦♠✉ ✈rst✈②✱ ❧③❡ ③❡ ③ís❦❛♥é❤♦ s♣❡❦tr❛ tr❛♥s♠✐t❛♥❝❡ ✭♣♦♠➙r ✐♥t❡♥③✐t s✈➙t❧❛
♣r♦➨❧é❤♦ ❦✉ s✈➙t❧✉ ✈st✉♣✉❥í❝í♠✉✮ ❡①tr❛♣♦❧❛❝í ❞❛t ♦❜❞r➸❡t ♣➦✐❜❧✐➸♥♦✉ ❤♦❞♥♦t✉ t❧♦✉➨➫❦② ✈rst✈②✳
❙❛♠♦t♥é ♠➙➦❡♥í s♣❡❦t❡r ❜②❧♦ ♣r♦✈á❞➙♥♦ ♣♦♠♦❝í ♣r♦❣r❛♠✉ ❖✈❡rt✉♥❡ ♦❞ s♣♦❧❡↔♥♦st✐ ❖❝❡❛♥♦♣t✐❝s ❛ ❡①tr❛♣♦❧❛❝❡ ❞❛t
♣r♦❜í❤❛❧❛ ♣♦♠♦❝í ♣r♦❣r❛♠✉ ❙♣❡❦tr❛✸✱ ✈ ♥➙♠➸ s❡ ♥❛st❛✈✉❥í ♣❛r❛♠❡tr② ✜t♦✈á♥í ❥❛❦♦ ♥❛♣➦í❦❧❛❞ ❦♦❡✜❝✐❡♥t② ✜t♦✈❛❝í
❢✉♥❦❝❡ s♣❡❝✐✜❝❦é ♣r♦ ❞❛♥ý ♠❛t❡r✐á❧ ↔✐ ♣➦✐❜❧✐➸♥á t❧♦✉➨➫❦❛ ✈rst✈②✳ ❑♦❡✜❝✐❡♥t② ✜t♦✈❛❝í ❢✉♥❦❝❡ ❜②❧② ♥❛st❛✈❡♥② st❡❥♥➙
❥❛❦♦ ♣r♦ ♦①✐❞ ❦➦❡♠✐↔✐tý✱ ♣r♦t♦➸❡ ♠á ✈❡❧♠✐ ♣♦❞♦❜♥ý ✐♥❞❡① ❧♦♠✉ ♠❛t❡r✐á❧✉ ❥❛❦♦ ♦❜❛ ♣♦✉➸✐té ♣♦❧②♠❡r②✳ P♦❞r♦❜♥➙❥➨í
♣♦♣✐s ✉r↔♦✈á♥í t❧♦✉➨➫❦② ↔✐ ✐♥❞❡①✉ ❧♦♠✉ ♣♦♠♦❝í r❡✢❡❦t♦♠❡tr✉ ❥❡ ✉✈❡❞❡♥ ♥❛♣➦í❦❧❛❞ ✈ ❬✹✺❪✳
✷✺
❖❜r✳ ✺✳✶✿ ✭❛✮ ❦➦❡♠í❦♦✈ý s✉❜strát s ✈rst♦✉ P❱❆ ✭❜✮ ❦➦❡♠í❦♦✈ý s✉❜strát s ✈rst✈♦✉ P❱❆✴P▼▼❆
♣♦♣sá♥❛ ✈ s❡❦❝✐ ✷✳✸✳✶✳ ❊①♣❡r✐♠❡♥tá❧♥➙ ❜②❧♦ ③❥✐➨t➙♥♦✱ ➸❡ ♥❡❥✈í❝❡ ❣r❛❢é♥♦✈ý❝❤ ✈❧♦↔❡❦ ✈③♥✐❦á ♣➦✐ ♣♦✲
♠❛❧é♠ ♣➦❡❦❧á♣➙♥í ♣ás❦② s ❣r❛✜t♦✈ý♠✐ ③r♥② ♥❛ ♠íst❛ ♣ás❦② ❦❞❡ ❞♦s✉❞ ♥❡♥í ➸á❞♥é ③r♥♦✳ ❉á❧❡ ❥❡
♣ás❦❛ ♣♦ ♣➦✐❧♦➸❡♥í ❦ ❞✈♦✉✈rst✈➙ ♣♦♠❛❧✉ ♦❞tr❤♦✈á♥❛ ♣r♦ ♠♦➸♥á ❝♦ ♥❡❥✈➙t➨í ③✐s❦ ❣r❛❢é♥♦✈ý❝❤ ✈❧♦↔❡❦✳
◆❛♥❡s❡♥í ❣r❛❢é♥✉ ♥❛ ✈③♦r❡❦ ❥❡ ③♦❜r❛③❡♥♦ ♥❛ ♦❜rá③❦✉ ✺✳✷✳
❖❜r✳ ✺✳✷✿ ✭✶✮ P➦✐❧♦➸❡♥í ❛❞❤❡③✐✈♥í ♣ás❦② ❦❡ ✈③♦r❦✉ ❛ ♥ás❧❡❞♥é ♣➦✐t❧❛↔❡♥í t✉♣ý♠ ❦♦♥❝❡♠ ♣✐♥③❡t② ♥❛
♣ás❦✉✱ ♣r♦ ❧❡♣➨í ♣➦✐❧♥❛✈♦st ♣ás❦② ❦❡ ✈③♦r❦✉ ✭✷✮ ♣♦♠❛❧é ♦❞tr➸❡♥í ♣ás❦② ♦❞ ✈③♦r❦✉
✷✻
✺✳✸ ❍❧❡❞á♥í ❣r❛❢é♥✉
❍❧❡❞á♥í ❣r❛❢é♥♦✈é ✈❧♦↔❦② ♣r♦❜í❤❛❧♦ ♥❡❥♣r✈❡ ♣♦♠♦❝í ♦♣t✐❝❦é❤♦ ♠✐❦r♦s❦♦♣✉✱ ❦❞❡ ✈❧♦↔❦② ♣➦✐♣♦♠í♥❛✲
❥í❝í ❣r❛❢é♥ ❜②❧② ✈➸❞② ③❛♣sá♥② ❛ ✈②❢♦t♦❣r❛❢♦✈á♥②✳ ❏❡❞♥❛ ✈❧♦↔❦❛ ❥❡ ✈✐❞➙t ♥❛ ♦❜rá③❦✉ ✺✳✸✳
P♦ ✈②❢♦t♦❣r❛❢♦✈á♥í ♥❛ ♦♣t✐❝❦é♠ ♠✐❦r♦s❦♦♣✉ ♥ás❧❡❞✉❥❡ ❝❤❛r❛❦t❡r✐③❛❝❡ ❞❛♥é ✈❧♦↔❦② ♣♦♠♦❝í ♠✐❦r♦✲
s❦♦♣✉ ❛t♦♠ár♥í❝❤ s✐❧ ✭❆❋▼✮✳ ❩á③♥❛♠ ③ ♠➙➦❡♥í ♥❛ ❆❋▼ ❣r❛❢é♥♦✈é ✈❧♦↔❦② ✈②❢♦❝❡♥é ♥❛ ♦❜rá③❦✉
✺✳✸✱ ❥❡ ✈✐❞➙t ♥❛ ♦❜rá③❦✉ ✺✳✹✳ ◆❛ t♦♠t♦ ♦❜rá③❦✉ ❥❡ ♠♦➸♥é ♣♦③♦r♦✈❛t ✐ ➦❡③ ♣r♦ st❛♥♦✈❡♥í ✈ý➨❦♦✈é❤♦
♣r♦✜❧✉✱ ❥❡➸ ❥❡ ③♦❜r❛③❡♥ ♥❛ ♦❜rá③❦✉ ✺✳✺✳ Pr♦✜❧ ♦❞❤❛❧✉❥❡✱ ➸❡ ❣r❛❢é♥♦✈á ✈❧♦↔❦❛ ♠á t❧♦✉➨➫❦✉ ≃ 2 ♥♠✳
❖ ♠✐❦r♦s❦♦♣✐✐ ❛t♦♠ár♥í❝❤ s✐❧ ❥❡ ♣♦❥❡❞♥á✈á♥♦ ✈ ❞♦❞❛t❦✉ ❇✳
❖❜r✳ ✺✳✸✿ ●r❛❢é♥♦✈á ✈❧♦↔❦❛✱ ✈✐❞✐t❡❧♥á ♣♦❞ ♦♣t✐❝❦ý♠ ♠✐❦r♦s❦♦♣❡♠
❖❜r✳ ✺✳✹✿ ●r❛❢é♥♦✈á ✈❧♦↔❦❛ ③ ♦❜rá③❦✉ ✺✳✸ ♣♦♠♦❝í ❆❋▼
✷✼
❖❜r✳ ✺✳✺✿ ❱ý➨❦♦✈ý ♣r♦✜❧ ❣r❛❢é♥♦✈é ✈❧♦↔❦②❀ t❡♥t♦ ♣r♦✜❧ ❥❡ ③❛③♥❛↔❡♥ ♥❛ ♦❜rá③❦✉ ✺✳✹
✺✳✹ ▲❡♣tá♥í s♣♦❞♥í ✈rst✈②
❉❛❧➨í ❦r♦❦ tr❛♥s♣♦rt✉ ❣r❛❢é♥♦✈é ✈❧♦↔❦② ③❛❤r♥✉❥❡ ♦❞❧❡♣tá♥í s♣♦❞♥í ✈rst✈② P❱❆ ✈❡ ✈♦❞➙✳ ❇➙❤❡♠ ❡①✲
♣❡r✐♠❡♥t➲ s❡ ♦♣❛❦♦✈❛♥➙ stá✈❛❧♦✱ ➸❡ ❜②❧❛ ♠❡♠❜rá♥❛ P▼▼❆✴❣r❛❢é♥ ③❝❡❧❛ ♣♦❞❧❡♣tá♥❛✱ ❛❧❡ ♥❡♦❞❞➙❧✐❧❛
s❡ ♦❞ s✉❜strát✉ ❛ ③➲st❛❧❛ ❦ ♥➙♠✉ ♣➦✐♣♦❥❡♥á ✈ ♠íst❡❝❤✱ ❦❞❡ s❡ ❤♦ ✈rst✈❛ P▼▼❆ ♣➦í♠♦ ❞♦tý❦❛❧❛✳
Pr♦❜❧é♠ ❜②❧ ✈②➦❡➨❡♥ ❞í❦② ♠❡❝❤❛♥✐❝❦é♠✉ ♦❞str❛♥➙♥í ♣♦❧②♠❡r➲ ♥❛ ❦r❛❥í❝❤ s✉❜strát✉ ♣♦♠♦❝í s❦❛❧✲
♣❡❧✉✳ ❯ t❛❦t♦ ✉♣r❛✈❡♥é❤♦ ✈③♦r❦✉ ❥✐➸ ❦ ♣r♦❜❧é♠✉ s ❧❡♣tá♥í♠ ♥❡❞♦❝❤á③í ❛ ✈rst✈❛ P▼▼❆✴❣r❛❢é♥ s❡
❜❡③♣❡↔♥➙ ♦❞❞➙❧í ♦❞ ❦➦❡♠í❦♦✈é❤♦ s✉❜strát✉✳ P♦st✉♣ ❧❡♣tá♥í ❥❡ ③♦❜r❛③❡♥ ♥❛ ♦❜rá③❦✉ ✺✳✻✳
❖❜r✳ ✺✳✻✿ P♦st✉♣ ♦❞❧❡♣tá♥í s♣♦❞♥í ✈rst✈② P❱❆✱ ✭✶✮ ♣♦❤❧❡❞ ♥❛ ♠❡❝❤❛♥✐❝❦② ✉♣r❛✈❡♥ý ✈③♦r❡❦ ♣➦❡❞
✈❧♦➸❡♥í♠ ❞♦ ✈♦❞② ✭✷✮ ✈❧♦➸❡♥í ✈③♦r❦✉ ❞♦ ✈♦❞② ❛ ♣♦♥♦➦❡♥í ❦r❛❥❡ ✈③♦r❦✉ ♣✐♥③❡t♦✉ ✭✸✮✭✹✮✭✺✮ ♣♦st✉♣
❧❡♣tá♥í ✈rst✈② P❱❆ ✭✻✮ ♦❞tr➸❡♥í ✈rst✈② P▼▼❆✴❣r❛❢é♥ ♦❞ ❦➦❡♠í❦♦✈é❤♦ s✉❜strát✉
✷✽
✺✳✺ ❘②❜❛➦❡♥í ✈rst✈② P▼▼❆
❯ t♦❤♦t♦ ❦r♦❦✉ ❜②❧♦ ③❦♦✉♠á♥♦✱ ❥❛❦ ❝♦ ♥❡❥❜❡③♣❡↔♥➙❥✐ ✈②tá❤♥♦✉t ♣❧♦✈♦✉❝í ✈rst✈✉ P▼▼❆✴❣r❛❢é♥ ③
✈♦❞②✳ ❆s✐ ♥❡❥✈❤♦❞♥➙❥➨í ♠❡t♦❞❛ s❡ ③❞❡ ❥❡✈í ♠❡t♦❞❛ ♣♦♠♦❝í ❧❡♣í❝í ♣ás❦② ✭♣♦♣sá♥♦ ♥í➸❡✮✳
❉r✉❤á ✉✈❛➸♦✈❛♥á ♠❡t♦❞❛ ❜②❧❛ ③❛❧♦➸❡♥❛ ♥❛ ✈②✉➸✐tí s♣❡❝✐á❧♥➙ ✉♣r❛✈❡♥é ♥á❞♦❜②✱ ③❡ ❦t❡ré ❜② ❜②❧♦
♠♦➸♥é ✈②♣✉st✐t ✈♦❞✉ ♣♦ ♦❞❧❡♣tá♥í ✈rst✈② P▼▼❆✴❣r❛❢é♥✳ ❱rst✈❛ ♣♦st✉♣♥➙ ❦❧❡sá s ❤❧❛❞✐♥♦✉ ❛➸ ❞♦
♦❦❛♠➸✐❦✉✱ ❦❞② s❡ ❞♦t❦♥❡ s✉❜strát✉ ♣♦❧♦➸❡♥é❤♦ ♥❛ ❞♥♦✳ ❱ ♥❛➨❡♠ ♣➦í♣❛❞➙ ❜② s❡ ❥❡❞♥❛❧♦ ♦ rá♠❡❝ s❡
↔t✈❡r❝♦✈ý♠ ♦t✈♦r❡♠✳ ❩ ♣r❛❦t✐❝❦ý❝❤ ❞➲✈♦❞➲ ❛❧❡ ♥❡❜②❧❛ t❛t♦ ♠❡t♦❞❛ ✈②✉➸✐t❛✳ ❇②❧♦ ❜② t➦❡❜❛ ✈②♠②s❧❡t
♥➙❥❛❦é ♦♠❡③❡♥í ♣♦❤②❜✉ ✈rst✈② ♣♦ ❤❧❛❞✐♥➙ t❛❦✱ ❛❜② ✈rst✈❛ ❞♦s❡❞❧❛ ♥❛ ♣➦✐♣r❛✈❡♥ý s✉❜strát ❛ ♣➦✐t♦♠
♥❡❤r♦③✐❧♦ ❥❡❥í ♣♦➨❦♦③❡♥í✳
❘②❜❛➦❡♥í ♣♦♠♦❝í ❧❡♣í❝í ♣ás❦② ③❛↔í♥á tí♠✱ ➸❡ s❡ ♥❡❥♣r✈❡ ✈②st➦✐❤♥❡ ③ ❧❡♣í❝í ♣ás❦② rá♠❡❝ s ↔t✈❡r❝♦✈ý♠
♦t✈♦r❡♠ ✉✈♥✐t➦✳ P♦ ♦❞str❛♥➙♥í ♦❝❤r❛♥♥é ❢ó❧✐❡ s❡ ♣ás❦❛ ✉❝❤②tí ♥❛ ♣✐♥③❡t✉ ❛ ✈❧♦➸í ❞♦ ✈♦❞②✳ ◆ás❧❡❞✉❥❡
❦r♦❦✱ ♣➦✐ ♥➙♠➸ ❥❡ ♣ás❦❛ ♣♦♠❛❧✉ ✈s✉♥✉t❛ ♣♦♠♦❝í ♣✐♥③❡t② ♣♦❞ ✈rst✈✉ P▼▼❆✴❣r❛❢é♥✳ ❏❡❧✐❦♦➸ ❥❡ ♣ás❦❛
❧❡❤↔í ♥❡➸ ✈♦❞❛✱ ③❛↔♥❡ ✈❡ ✈♦❞➙ st♦✉♣❛t s♠➙r❡♠ ❦ ❤❧❛❞✐♥➙✱ ❦❞❡ s❡ ♥❛❝❤á③í ✈rst✈❛ ❛ ♣➦✐r♦③❡♥➙ ❞♦❥❞❡ ❦
✉❝❤②❝❡♥í ✈rst✈② ♥❛ ♣ás❦✉✳ ❙♠➙r st♦✉♣á♥í ❧❡♣í❝í ♣ás❦② ❧③❡ ♦✈❧✐✈♥✐t ♣✐♥③❡t♦✉✳ Pás❦❛ ❥❡ ♣➦✐ st♦✉♣á♥í
✈ té♠➙➦ r♦✈✐♥♥é ♣♦❧♦③❡✱ ❝♦➸ ③❛❥✐➨➫✉❥❡ ♠❛❧♦✉ ♣r❛✈❞➙♣♦❞♦❜♥♦st ♠❡❝❤❛♥✐❝❦é❤♦ ♣♦➨❦♦③❡♥í ✈rst✈②✳ P♦
✈②t❛➸❡♥í ③ ✈♦❞② ❥❡ t➦❡❜❛ ♠❡♠❜rá♥✉ ♥❡❝❤❛t ♦s✉➨✐t ✲ ♣r♦ ♦❞str❛♥➙♥í ③❜②t❦♦✈é ✈♦❞②✳ ❱❧♦➸❡♥í rá♠❝❡ ③
❧❡♣í❝í ♣ás❦② ♣♦❞ ♣❧♦✈♦✉❝í ♠❡♠❜rá♥✉ P▼▼❆✴❣r❛❢é♥ ❥❡ ③♦❜r❛③❡♥♦ ♥❛ ♦❜rá③❦✉ ✺✳✼✳
❖❜r✳ ✺✳✼✿ ❱❧♦➸❡♥í rá♠❝❡ ③ ❧❡♣í❝í ♣ás❦② ♣♦❞ ♣❧♦✈♦✉❝í ♠❡♠❜rá♥✉ P▼▼❆✴❣r❛❢é♥
✺✳✻ ▼✐❦r♦♣♦s✉✈ ❛ ③❛♠➙➦❡♥í ♦♣t✐❝❦ý♠ ♠✐❦r♦s❦♦♣❡♠
◆ás❧❡❞✉❥❡ ↔ást✱ ♣➦✐ ♥í➸ ❥❡ t➦❡❜❛ ✈②t❛➸❡♥♦✉ ✈rst✈✉ P▼▼❆✴❣r❛❢é♥✱ ✉♠íst✐t ♥❛ ❦♦♥❦rét♥í ♠íst♦ ♥❛
❥✐♥é♠ s✉❜strát✉ ✭✈ t♦♠t♦ ♣➦í♣❛❞➙ ♠♦♥♦✈rst✈❛ ▼♦❙2✮✳ ❑ t♦♠✉t♦ ❦r♦❦✉ ❜②❧ ✈②t✈♦➦❡♥ ♣r♦✈✐③♦r♥í
♠✐❦r♦♣♦s✉✈ ✈✐③ ♦❜rá③❡❦ ✺✳✽ ✭❛✮✱ ❥❡➸ s❡ s❦❧á❞á ③ ♠✐❦r♦♣♦s✉✈✉ ✈❡ s♠➙r❡❝❤ ①✱② ❛ ③ ❛ t❡♥❦é❤♦ ❤❧✐♥➙✲
♥é❤♦ ♣❧❡❝❤✉ ✈❡ t✈❛r✉ ▲✳ ❉♦ ♣❧❡❝❤✉ ❥❡ ✈②✈rtá♥❛ ♥❛ ❦r❛❥✐ ❞ír❛ ♦ ♣r➲♠➙r✉ ✺✱✺♠♠✳ ◆❛ s♣♦❞♥í str❛♥➙
♣❧❡❝❤✉ ❦♦❧❡♠ ✈②✈rt❛♥é❤♦ ♦t✈♦r✉ ❥❡ ✉♠íst➙♥❛ ♦❜♦✉str❛♥♥á ❧❡♣í❝í ♣ás❦❛✱ ♥❛ ♥í➸ s❡ ♣➦✐♣❡✈➡✉❥❡ rá♠
③ ❧❡♣í❝í ♣ás❦② s ✈rst✈♦✉✳ ❚✈❛r ♣❧❡❝❤✉ ▲ ♥❡❜②❧ ✈♦❧❡♥ ♥á❤♦❞♥➙✱ ♥ý❜r➸ ③ ❞➲✈♦❞✉ ✈❤♦❞♥é ♠❛♥✐♣✉❧❛❝❡
✉ ♦♣t✐❝❦é❤♦ ♠✐❦r♦s❦♦♣✉✳ ▼✐❦r♦♣♦s✉✈ ❥❡ t♦t✐➸ ✉♠íst➙♥ ♥❛ ♣❧♦❝❤✉ ✈❡❞❧❡ ♠✐❦r♦s❦♦♣✉ ✈✐③ ♦❜rá③❡❦ ✺✳✾
✷✾
❛ ❥❛❦ ❧③❡ ✈✐❞➙t✱ ❥❡ t➦❡❜❛ s ♥í♠ ♠❛♥✐♣✉❧♦✈❛t ✈❡❧♠✐ ♦❜❡③➦❡t♥➙✱ ❛❜② ♥❡❞♦➨❧♦ ❦ ♣♦➨❦♦③❡♥í ♦❜❥❡❦t✐✈➲
♠✐❦r♦s❦♦♣✉✳ P♦❞ ♣❧❡❝❤ s ✈rst✈♦✉ P▼▼❆✴❣r❛❢é♥ s❡ ✉♠ístí ❝í❧♦✈ý s✉❜strát s ✈rst✈♦✉ ▼♦❙2✳ P♦♠♦❝í
③❛♦st➦❡♥í ♥❛ ♦♣t✐❝❦é♠ ♠✐❦r♦s❦♦♣✉ ❛ ❞í❦② ❦♦r❡❦❝✐ ♣♦❧♦❤② ♣♦♠♦❝í ♠✐❦r♦♣♦s✉✈✉ ❧③❡ ✭✈ ➦á❞❡❝❤ µ♠✮
✉♠íst✐t ❣r❛❢é♥♦✈♦✉ ✈❧♦↔❦✉ ♥❛❞ ✈rst✈✉ ▼♦❙2✳ ▼✐❦r♦♣♦s✉✈❡♠ ✈❡ s♠➙r✉ ③ ❥❡ ♣♦st✉♣♥➙ ③♠❡♥➨♦✈á♥❛
✈③❞á❧❡♥♦st ♠❡③✐ ✈rst✈♦✉ ❛ ❝í❧♦✈ý♠ s✉❜strát❡♠ ③❛ ♥❡stá❧ý❝❤ ❦♦r❡❦❝í ✈ r♦✈✐♥➙ ① ❛ ② ❛➸ ❞♦ ♦❦❛♠➸✐❦✉✱
❦❞② s❡ ✈rst✈❛ s✉❜strát✉ ❞♦t❦♥❡ ❛ ♣➦✐❧♥❡ ❦ ♥➙♠✉✳
P➦✐ ③♠❡♥➨♦✈á♥í ③✲t♦✈é ✈③❞á❧❡♥♦st✐ ✈➨❛❦ ♥❛stá✈á ♣r♦❜❧é♠✳ ▼✐❦r♦♣♦s✉✈ ♥❡♥í ✈ s♦✉↔❛s♥♦st✐ ♣❡✈♥➙
✉❝❤②❝❡♥ ❦ ♦♣t✐❝❦é♠✉ ♠✐❦r♦s❦♦♣✉ ❛ ❥❛❦ý❦♦❧✐✈ ♣♦s✉♥ ♠✐❦r♦♣♦s✉✈❡♠ ♠➲➸❡ ✈ést ❦ ♣♦s✉♥✉ ❝❡❧é❤♦ ③❛✲
➦í③❡♥í ❛ t❡❞② ✐ ✈rst✈② ✈➲↔✐ ❝í❧♦✈é♠✉ s✉❜strát✉✳ Pr♦t♦ ❥❡ ✉♠íst➙♥í ❣r❛❢é♥♦✈é ✈❧♦↔❦② ♥❛ ❦♦♥❦rét♥í
♠íst♦ ♣r♦❜❧❡♠❛t✐❝❦é✳ ❉❛❧➨í ♣r♦❜❧é♠ ❜②❧♦ s❛♠♦t♥é ♣➦✐❧♦➸❡♥í ♣❧❡❝❤✉ s ✈rst✈♦✉ ♥❛ s✉❜strát✱ ❝♦➸ ♥❡✲
③❛r✉↔✉❥❡ ✉❝❤②❝❡♥í ♠❡♠❜rá♥② ♥❛ s✉❜strát✳ ❱rst✈✉ ❥❡ t➦❡❜❛ ♠❡❝❤❛♥✐❝❦② ✈②➦í③♥♦✉t ♥❛♣➦✳ ♣♦♠♦❝í
s❦❛❧♣❡❧✉ ↔✐ ➸✐❧❡t❦②✳ ❚❡♥t♦ ❦r♦❦ ❥❡ ✈➨❛❦ ♣♦❝❤②❜♥ý✳ ❷❛st♦ ❞♦❝❤á③í ❦❡ s❦r↔❡♥í ✈rst✈② P▼▼❆✴❣r❛❢é♥
♥❡❜♦ ❥❡❥í♠✉ ú♣❧♥é♠✉ ♣♦➨❦♦③❡♥í✳ Pr♦❜❧é♠ ❜②❧ ✈②➦❡➨❡♥ ♣♦♠♦❝í ♣r♦✉❞♦✈é❤♦ ♦❤➦❡✈✉ s♣♦❞♥í❤♦ ❝í❧♦✈é❤♦
s✉❜strát✉ ✈✐③ ♦❜rá③❡❦ ✺✳✽ ✭❜✮✳ P♦ ♣➦✐❧♦➸❡♥í ♣❧❡❝❤✉ ❦ ③❛❤➦í✈❛♥é♠✉ s✉❜strát✉✱ s❡ ✈rst✈❛ ♣➦✐❝❤②tí ♥❛
❝í❧♦✈ý s✉❜strát ❥✐➸ ♣➦✐ s❛♠♦t♥é♠ ❞♦t②❦✉ ♣❧❡❝❤ ✲ s✉❜strát✳ ❈❡❧á ❛♣❛r❛t✉r❛ ♣♦t➦❡❜♥á ♣r♦ ♣➦❡♥♦s ❥❡
③♦❜r❛③❡♥❛ ♥❛ ♦❜rá③❦✉ ✺✳✾✳
❖❜r✳ ✺✳✽✿ ✭❛✮ ♠✐❦r♦♣♦s✉✈ s ❤❧✐♥➙♥ý♠ ♣❧❡❝❤❡♠ ✭❜✮ ♣♦❞❧♦➸❦❛ ♣r♦ ♦❤➦í✈á♥í s✉❜strát✉
❖❜r✳ ✺✳✾✿ ✭❛✮ ③❞r♦❥ ♥❛♣➙tí ✭❜✮ ♦♣t✐❝❦ý ♠✐❦r♦s❦♦♣ ✭❝✮ ♣♦❞❧♦➸❦❛ ♣r♦ ♦❤➦í✈á♥í s✉❜strát✉ ✭❞✮ ♠✐❦r♦♣♦s✉✈
✺✳✼ ❙❛♠♦t♥ý ♣➦❡♥♦s
P♦ ✈②r②❜❛➦❡♥í ♠❡♠❜rá♥② ♣♦♠♦❝í ❧❡♣í❝í ♣ás❦② ❥❡ ♦❦♥♦ s ✈rst✈♦✉ P▼▼❆✴❣r❛❢é♥ ✉♣❡✈♥➙♥♦ ③❡ s♣♦❞♥í
str❛♥② ♥❛ ❤❧✐♥➙♥í ♣❧❡❝❤✳ ❋♦t❦❛ t❛❦t♦ ✉❝❤②❝❡♥é ♠❡♠❜rá♥② ❥❡ ♥❛ ♦❜rá③❦✉ ✺✳✶✵✳ ❏❛❦ ❥❡ ♠♦➸♥é ♣♦③♦r♦✈❛t
♥❛ ♦❜rá③❦✉ ✺✳✶✵ ❥❡❞♥á s❡ ♦ st❡❥♥♦✉ ❣r❛❢é♥♦✈♦✉ ✈❧♦↔❦✉ ❥❛❦♦ ♥❛ ♦❜rá③❦✉ ✺✳✸✳
❖❜r✳ ✺✳✶✵✿ ●r❛❢é♥♦✈á ✈❧♦↔❦❛ ✉♠íst➙♥á ❥❡♥ ♥❛ ✈rst✈➙ P▼▼❆
❏❛❦♦ ❝í❧♦✈ý s✉❜strát ❜②❧❛ ♣♦✉➸✐t❛ ❦➦❡♠í❦♦✈á ❞❡s❦❛ s ✷✽✵ ♥♠ ❙✐❖2✳ ◆❛ t❡♥t♦ s✉❜strát s❡ ♣♦♠♦❝í
♠✐❦r♦♠❡❝❤❛♥✐❝❦é❤♦ ➨tí♣á♥í ♥❛♥❡s❧② ✈❧♦↔❦② ▼♦❙2✳ ❈í❧♦✈á ✈❧♦↔❦❛✱ ♥❛ ❦t❡r♦✉ ❜② ♠➙❧ ❜ýt tr❛♥s♣♦rt
♣r♦✈❡❞❡♥✱ ❥❡ ③♦❜r❛③❡♥❛ ♥❛ ♦❜rá③❦✉ ✺✳✶✶✳ ◆❡❥❧❡♣➨í ✉s❦✉t❡↔♥➙♥ý ♣➦❡♥♦s✱ ❦t❡rý ❜②❧ ♣r♦✈❡❞❡♥✱ ❥❡ ♥❛
♦❜rá③❦✉ ✺✳✶✷✳ ●r❛❢é♥♦✈á ✈❧♦↔❦❛ ❜②❧❛ ✉♠íst➙♥❛ ❛s✐ ✼✺µ♠ ✈❡❞❧❡ ③❛♠ý➨❧❡♥é❤♦ ♠íst❛✳
❉❛❧➨í ❦r♦❦ ✲ t❡❞② r♦③♣✉➨t➙♥í ✈rst✈② P▼▼❆ ♣♦♠♦❝í ❛❝❡t♦♥✉ ❥✐➸ ❞➙❧á♥ ♥❡❜②❧✱ ♣r♦t♦➸❡ ✈rst✈② ♥❡❧❡➸❡❧②
♣➦í♠♦ ♥❛ s♦❜➙ ❛ ❦ ✈②t✈♦➦❡♥í ❤❡t❡r♦str✉❦t✉r② ❜② t✉❞í➸ ♥❡❞♦➨❧♦✳
✸✶
❖❜r✳ ✺✳✶✶✿ ❱❧♦↔❦❛ ▼♦❙2 ♥❛ ❝í❧♦✈é♠ s✉❜strát✉
❖❜r✳ ✺✳✶✷✿ ❯♠íst➙♥í ❣r❛❢é♥♦✈é ✈❧♦↔❦② ♥❛ ❝í❧♦✈ý s✉❜strát✱ ✜❛❧♦✈é rý❤② ✈②③♥❛↔✉❥í ✈rst✈✉ P▼▼❆
✸✷
✻ ❩➪❱❹❘
❱ tét♦ ❜❛❦❛❧á➦s❦é ♣rá❝✐ ❜②❧❛ ➦❡➨❡♥❛ ♣➦í♣r❛✈❛ ✷❉ ❤❡t❡r♦str✉❦t✉r✳ ❱ ♣r✈♥í ↔ást✐ ✲ ❜②❧❛ ♣r♦✈❡❞❡♥❛
r❡➨❡r➨❡ ❛ ✈ý❜➙r t❡♦r❡t✐❝❦② ♥❡❥❧❡♣➨í ♠❡t♦❞② ♣r♦ ♣♦✉➸✐tí ♥❛ Ú❋■ ❱❯❚ ✈ ❇r♥➙✳ ❱ ❞❛❧➨í ↔ást✐ s❡ t❛t♦
♠❡t♦❞❛ ♦♣t✐♠❛❧✐③♦✈❛❧❛ ♣r♦ ❝♦ ♠♦➸♥á ♥❡❥✈②➨➨í ús♣➙➨♥♦st s❛♠♦t♥é ✈ýr♦❜②✳ ■ ♣➦❡s ✈❡➨❦❡r♦✉ s♥❛❤✉ ❛
✈í❝❡ ❥❛❦ ❞❡s❡t ♣♦❦✉s➲ s❛♠♦t♥é❤♦ ♣➦❡♥♦s✉✱ s❡ ✈➨❛❦ ❤❡t❡r♦str✉❦t✉r✉ ♥②♥í ♥❡♣♦❞❛➦✐❧♦ ✈②t✈♦➦✐t✳ P♦st✉♣
✈ýr♦❜② ❜②❧ ✈➨❛❦ ③♥❛↔♥➙ ♦♣t✐♠❛❧✐③♦✈á♥ ✲ ✈ ♣r✈♥í♠ ❦r♦❦✉ ♥❛♥❡s❡♥í ♣➦❡s♥➙ st❛♥♦✈❡♥é t❧♦✉➨➫❦② ♣r♦
❦✈❛❧✐t♥í ❦♦♥tr❛st ✈ ♦♣t✐❝❦é ♠✐❦r♦s❦♦♣✐✐✱ ❞á❧❡ ♣❛❦ ♠❡❝❤❛♥✐❝❦é ♦❞str❛♥➙♥í ❦r❛❥➲ ✈rst✈② ♣♦❧②♠❡r➲
♣r♦ ús♣➙➨♥é ❧❡♣tá♥í s♣♦❞♥í ✈rst✈② P❱❆✱ ③♣➲s♦❜ r②❜❛➦❡♥í ↔✐ s❛♠♦t♥ý ③♣➲s♦❜ ✉♠íst➙♥í ♥❛ ❝í❧♦✈ý
s✉❜strát ✭♣r♦✉❞♦✈ý ♦❤➦❡✈✱ ♠✐❦r♦♣♦s✉✈✮✳ ❱ýr♦❜❛ ❤❡t❡r♦str✉❦t✉r ❥❡ t❛❦ ♥❛ ✈❡❧♠✐ ❞♦❜ré ❝❡st➙✱ ❥❡❧✐❦♦➸
❝❤②❜í ♦♣t✐♠❛❧✐③♦✈❛t ❥✐➸ ❥❡♥ ♠✐❦r♦♣♦s✉✈ ❛ ✉♠íst➙♥í ❣r❛❢é♥♦✈é ✈❧♦↔❦② ♥❛ ❝í❧♦✈ý s✉❜strát✳
❉❧❡ ♠é❤♦ ♥á③♦r✉ ❜② ♣r♦s♣➙❧♦ ✉♣❡✈♥➙♥í ❝❡❧é❤♦ ♠✐❦r♦♣♦s✉✈✉ ❦ ♦♣t✐❝❦é♠✉ ♠✐❦r♦s❦♦♣✉✳ ❉❛❧➨í ✈➙❝✱
❦t❡r♦✉ ❜②❝❤ ♣♦③♠➙♥✐❧✱ ❜② ❜②❧♦ ❦✈❛❧✐t♥➙❥➨í ✉♠íst➙♥í ♣♦❞❧♦➸❦② ✲ ♣♦❞❧♦➸❦❛ ✉r↔❡♥á ♣r♦ ♣r♦✉❞♦✈ý ♦❤➦❡✈
s❡ ↔❛st♦ ♥❛❦❧á♥í ↔✐ ♣♦❤②❜✉❥❡✳ ❚♦ ❥❡ ③❛♣➦í↔✐♥➙♥♦ tí♠✱ ➸❡ ❞rát② ✈❡❞♦✉❝í ❦ ♣♦❞❧♦➸❝❡ s❡ ↔❛st♦ ③❛❝❤②tá✈❛❥í
♦ ↔ást✐ ♠✐❦r♦s❦♦♣✉ ✭♦❜❥❡❦t✐✈ ❛♣♦❞✳✮✳ ❉❛❧➨í ♦✈❧✐✈➡✉❥í❝í ❢❛❦t♦r ❜②❝❤ ✉r↔✐❧ ✐ rá③② ③ ✈❡❞❧❡❥➨í ❛♣❛r❛t✉r②
❑❛✉❢♠❛♥ ✲ ❦t❡ré ③♣➲s♦❜✉❥í t♦✱ ➸❡ ♠❡♠❜rá♥❛ s❡ ♣➦✐ ✉♠íst➙♥í ♥❛ ♠✐❦r♦♣♦s✉✈ ♥❡♣➦✐♠➙➦❡♥➙ ✈❧♥í✳ ❚❛t♦
♦❦♦❧♥♦st ❜② s❡ ✈②➦❡➨✐❧❛ ✉♠íst➙♥í♠ ♦♣t✐❝❦é❤♦ ♠✐❦r♦s❦♦♣✉ ♠✐♠♦ ♠íst♥♦st s ❛♣❛r❛t✉r♦✉ ❑❛✉❢♠❛♥✳
✸✸

❘❊❋❊❘❊◆❈❊
❬✶❪ ❲❆◆●✱ ❳✐❛♦♠✉ ❛ ❋❡♥❣♥✐❛♥ ❳■❆✳ ❱❛♥ ❞❡r ❲❛❛❧s ❤❡t❡r♦str✉❝t✉r❡s✿ ❙t❛❝❦❡❞ ✷❉ ♠❛t❡r✐❛❧s
s❤❡❞ ❧✐❣❤t✳ ◆❛t✉r❡ ▼❛t❡r✐❛❧s✳ ✷✵✶✺✲✷✲✷✱ ✈♦❧✳ ✶✹✱ ✐ss✉❡ ✸✱ s✳ ✷✻✹✲✷✻✺✳ ❉❖■✿ ✶✵✳✶✵✸✽✴♥♠❛t✹✷✶✽✳
❉♦st✉♣♥é ③✿ ❤tt♣✿✴✴✇✇✇✳♥❛t✉r❡✳❝♦♠✴❞♦✐❢✐♥❞❡r✴✶✵✳✶✵✸✽✴♥♠❛t✹✷✶✽
❬✷❪ ❆▲❋❊❘❖❱✱ ❩❤♦r❡s✳ ❍❡t❡r♦str✉❝t✉r❡s ❢♦r ❖♣t♦❡❧❡❝tr♦♥✐❝s✿ ❍✐st♦r② ❛♥❞ ▼♦❞❡r♥ ❚r❡♥❞s✳ Pr♦✲
❝❡❡❞✐♥❣s ♦❢ t❤❡ ■❊❊❊ ❬♦♥❧✐♥❡❪✳ ✷✵✶✸✱ ✈♦❧✳ ✶✵✶✱ ✐ss✉❡ ✶✵✱ s✳ ✷✶✼✻✲✷✶✽✷ ❬❝✐t✳ ✷✵✶✺✲✵✺✲✷✻❪✳ ❉❖■✿
✶✵✳✶✶✵✾✴❏P❘❖❈✳✷✵✶✸✳✷✷✼✹✾✶✷✳ ❉♦st✉♣♥é ③✿ ❤tt♣✿✴✴✐❡❡❡①♣❧♦r❡✳✐❡❡❡✳♦r❣✴❧♣❞♦❝s✴❡♣✐❝✵✸✴
✇r❛♣♣❡r✳❤t♠❄❛r♥✉♠❜❡r❂✻✺✽✼✹✼✹
❬✸❪ ❈❮❉▲❖❱➪✱ ❍✳✱ ❇✳ ❑❖❍❖❯❚❑❖❱➪✱ ❑✳ ➆❚❹P➪◆❊❑ ❛ ❇✳ ❱❆▲❖❱➪✳ ❯❍▲❮❑✳ ❍✐st♦r✐❡ ❝❤❡♠✐❡
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✷✵✶✺ ❬❝✐t✳ ✷✵✶✺✲✵✹✲✶✵❪✳ ❉♦st✉♣♥é ③✿ ❤tt♣✿✴✴✇✇✇✳r❡s✐♥❡①✳❝③✴♣♦❧②♠❡r♦✈❡✲t②♣②✴♣♠♠❛✳❤t♠❧
❬✹✹❪ ❱❊❏❘❆➎❑❖❱➪✱ ■✈❛♥❛✳ P❧❛st② ♣r♦ st❛✈❡❜♥✐❝t✈í ❛ ❛r❝❤✐t❡❦t✉r✉ ✷✿ P♦❧②♠❡t②❧♠❡t❛❦r②✲
❧át✳ ■♥✿ ❍❛♣♣② ▼❛t❡r✐❛❧s ❬♦♥❧✐♥❡❪✳ ❝© ✷✵✵✾✲ ❬❝✐t✳ ✷✵✶✺✲✵✹✲✶✵❪✳ ❉♦st✉♣♥é ③✿ ❤tt♣✿✴✴✇✇✇✳
❤❛♣♣②♠❛t❡r✐❛❧s✳❝♦♠✴✐♠❣s✴❛rt✐❝❧❡s✴✶✺✸✲✷❴✷❴P▼▼❆✳♣❞❢
❬✹✺❪ ▼➙➦❡♥í ♦♣t✐❝❦ý❝❤ s♣❡❦t❡r t❡♥❦ý❝❤ ✈rst❡✈ ❛ ✈②❤♦❞♥♦❝❡♥í ❥❡❥✐❝❤ t❧♦✉➨➫❦② ❛ ✐♥❞❡①✉ ❧♦♠✉ ❬♦♥❧✐♥❡❪✳
Pr❛❤❛✱ ✷✵✶✷ ❬❝✐t✳ ✷✵✶✺✲✵✺✲✵✼❪✳ ❉♦st✉♣♥é ③✿ ❤tt♣✿✴✴❢❝❤✐✳✈s❝❤t✳❝③✴❢✐❧❡s✴✉③❡❧✴✵✵✶✵✸✻✼✴❘❙✳
♣❞❢
❬✹✻❪ ❙❊❉▲➪❷❑❖❱➪✱ ❚❡r❡③❛✳ ❚❡❝❤♥✐❦② ③♦❜r❛③♦✈á♥í ❜✐♦♠♦❧❡❦✉❧✱ ❜❛❦t❡r✐í ❛ ❜✉♥➙❦ ✈ s✉❜♥❛♥♦♠❡tr✐❝✲
❦é♠ ♠➙➦ít❦✉ ♠✐❦r♦s❦♦♣❡♠ ❆❋▼✳ ❇r♥♦✱ ✷✵✶✶✳ ✹✵ ❧✳ ❇❛❦❛❧á➦s❦á ♣rá❝❡✳ ▼❛s❛r②❦♦✈❛ ✉♥✐✈❡r③✐t❛✱
P➦ír♦❞♦✈➙❞❡❝❦á ❢❛❦✉❧t❛✱ Úst❛✈ ❜✐♦❝❤❡♠✐❡✳ ❱❡❞♦✉❝í ♣rá❝❡ ▼❣r✳ ❏❛♥ P➦✐❜②❧✱ P❤✳❉✳
❬✹✼❪ ❑❯❙➪❑✱ ■✈♦✳ ❆❋▼ ♠✐❦r♦s❦♦♣ ❬♦♥❧✐♥❡❪✳ ❬❝✐t✳ ✷✵✶✺✲✵✹✲✷✼❪✳ ❉♦st✉♣♥é ③✿ ❤tt♣✿✴✴❢②③✐❦❛✳❢❝❡✳
✈✉t❜r✳❝③✴❢✐❧❡✴❦✉s❛❦✴❆❋▼❴♠✐❦r♦s❦♦♣✐❡✳♣❞❢
✸✽
❬✹✽❪ ❚✉t♦r✐❛❧s ✲ ❆t♦♠✐❝ ❋♦r❝❡ ▼✐❝r♦s❝♦♣② ✭❆❋▼✮✳ ❏P❑ ■♥str✉♠❡♥ts ❆● ❬♦♥❧✐♥❡❪✳ ❝© ✷✵✶✺ ❬❝✐t✳ ✷✵✶✺✲
✵✹✲✷✽❪✳ ❉♦st✉♣♥é ③✿ ❤tt♣✿✴✴✉s❛✳❥♣❦✳❝♦♠✴✐♥tr♦❞✉❝t✐♦♥✲t♦✲✐♠❛❣✐♥❣✲♠♦❞❡s✳✹✸✸✳✉s✳❤t♠❧
✸✾

❙❊❩◆❆▼ ❙❨▼❇❖▲➋✱ ❱❊▲■❷■◆ ❆ ❩❑❘❆❚❊❑
✷❉ ❞✈♦✉✲❞✐♠❡♥③✐♦♥á❧♥í
❈◆❚ ✉❤❧í❦♦✈á ♥❛♥♦tr✉❜✐❝❡
❈❉ ❦♦♠♣❛❦t♥í ❞✐s❦
❈❱❉ ❝❤❡♠✐❝❦á ❞❡♣♦③✐❝❡ ③ ♣❧②♥♥é ❢á③❡
❉◆❆ ❞❡♦①②r✐❜♦♥✉❦❧❡♦✈á ❦②s❡❧✐♥❛
❍❊▼❚ tr❛♥③✐st♦r s ✈②s♦❦♦✉ ♣♦❤②❜❧✐✈♦stí ❡❧❡❦tr♦♥➲
■❚❖ ❝í♥❡♠ ❞♦♣♦✈❛♥ý ♦①✐❞ ✐♥❞✐tý
▲❊❉ ❞✐♦❞❛ ❡♠✐t✉❥í❝í s✈➙t❧♦
▲✐P❋6 ❧✐t❤✐✉♠✲❤❡①❛✢✉♦r♦❢♦s❢át
▼❲❈◆❚ ✈í❝❡✈rst✈é ♥❛♥♦tr✉❜✐❝❡
◆▼P ◆✲♠❡t②❧✲✷✲♣②rr♦❧✐❞♦♥
♥PV A ✐♥❞❡① ❧♦♠✉ ♣♦❧②♠❡t②❧♠❡t❛❦r②❧át✉
♥PV A ✐♥❞❡① ❧♦♠✉ ♣♦❧②✈✐♥②❧❛❧❦♦❤♦❧✉
♥SiO2 ✐♥❞❡① ❧♦♠✉ ♦①✐❞✉ ❦➦❡♠✐↔✐té❤♦
P❇❯ ♣♦❧②❜✉t❛❞✐❡♥
P❉▼❙ ♣♦❧②❞✐♠❡t②❧s✐❧♦①❛♥
P▼▼❆ ♣♦❧②♠❡t②❧♠❡t❛❦r②❧át
P❱❆ ♣♦❧②✈✐♥②❧❛❧❦♦❤♦❧
❙❲❈◆❚ ❥❡❞♥♦✈rst✈é ♥❛♥♦tr✉❜✐❝❡
❚❊▼ tr❛♥s♠✐s♥í ❡❧❡❦tr♦♥♦✈á ♠✐❦r♦s❦♦♣✐❡
✹✶

❙❊❩◆❆▼ ❖❇❘➪❩❑➋
✶✳✶ ❩♦❜r❛③❡♥í ❥❡❞♥♦t❧✐✈ý❝❤ ✈rst❡✈✱ ❦t❡ré ❞♦❤r♦♠❛❞② t✈♦➦í ❣r❛✜t✱ ♣➦❡✈③❛t♦ ③ ❬✺❪ ✳ ✳ ✳ ✳ ✳ ✸
✶✳✷ ❙t❡r❡♦❝❤❡♠✐❝❦é ✉s♣♦➦á❞á♥í ❞✐❛♠❛♥t✉✱ ♣➦❡✈③❛t♦ ③ ❬✹❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹
✶✳✸ ❛✮♠♦❧❡❦✉❧❛ ❢✉❧❧❡r❡♥✉ ❜✮ ❜✉❞♦✈❛ ♥❛✈r❤♥✉t❛ ❘✳❇✳❋✉❧❧❡r❡♠ ✈ ▼♦♥tr❡❛❧✉✱ ♣➦❡✈③❛t♦ ③ ❬✾❪ ✺
✶✳✹ ❉r✉❤② ❈◆❚ ✭③❧❡✈❛✮✿ ✈í❝❡✈rst✈é ▼❲❈◆❚✱ ❥❡❞♥♦✈rst✈é ❙❲❈◆❚ ❛ ♣❡❛♣♦❞❀ ♣➦❡✈③❛t♦
③ ❬✶✵❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻
✶✳✺ P♦↔ít❛↔♦✈é ♠♦❞❡❧② ✉❤❧í❦♦✈ý❝❤ ❝✐❜✉❧í❀ ♣➦❡✈③❛t♦ ③ ❬✾❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻
✷✳✶ ❊❧❡❦tr♦♥♦✈á ❦♦♥✜❣✉r❛❝❡ ♣r♦ ✉❤❧í❦ ✈ ③á❦❧❛❞♥í♠ ✭✈❧❡✈♦✮ ❛ ❡①❝✐t♦✈❛♥é♠ st❛✈✉❀ ♣➦❡✈③❛t♦
③ ❬✶✹❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼
✷✳✷ ❛✮ ♣♦st✉♣ ❤②❜r✐❞✐③❛❝❡ ❜✮ ♣r♦st♦r♦✈é ✉s♣♦➦á❞á♥í t➦í ❤②❜r✐❞✐③♦✈❛♥ý❝❤ s♣2 ♦r❜✐t❛❧➲ ❛
♥❡❤②❜r✐❞✐③♦✈❛♥é❤♦ ♣ ♦r❜✐t❛❧✉❀ ♣➦❡✈③❛t♦ ❛ ✉♣r❛✈❡♥♦ ③✿ ❬✶✺❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽
✷✳✸ ❙tr✉❦t✉r❛ ❣r❛❢é♥✉ ✲ t➦✐ ✈❛❧❡♥↔♥í ❡❧❡❦tr♦♥② ❥s♦✉ ✈á③á♥② ❦ ❥✐♥ý♠ ❛t♦♠➲♠ ✉❤❧í❦✉✱ ↔t✈rtý
❡❧❡❦tr♦♥ ✈②t✈á➦í s❧❛❜♦✉ π ✈❛③❜✉❀ ♣➦❡✈③❛t♦ ③✿ ❬✶✻❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽
✷✳✹ Pás♦✈á str✉❦t✉r❛ ❣r❛❢é♥✉✱ ✈♦❞✐✈♦st♥í ❛ ✈❛❧❡♥↔♥í ♣ás ❞♦tý❦❛❥í❝í s❡ ✈ ❉✐r❛❝♦✈ý❝❤ ❜♦✲
❞❡❝❤ ✲ ✈ý➦❡③ ♥❛♣r❛✈♦ ✉❦❛③✉❥❡ ♦❦♦❧í ❥❡❞♥♦❤♦ ❉✐r❛❝♦✈❛ ❜♦❞✉❀ ♣➦❡✈③❛t♦ ③✿ ❬✶✽❪ ✳ ✳ ✳ ✳ ✾
✷✳✺ ❑♦♥tr❛st ❣r❛❢é♥✉ ❥❛❦♦ ❢✉♥❦❝❡ ✈❧♥♦✈é ❞é❧❦② s✈➙t❧❛ ❛ t❧♦✉➨➫❦② ❙✐❖2 ❛ ♥❛ ♣r❛✈é str❛♥➙
♠➙➦ít❦♦ ❦♦♥tr❛st✉❀ s ❧❛s❦❛✈ý♠ ❞♦✈♦❧❡♥í♠ ❑❛r♦❧❛ ◆♦❣❛❥❡✇s❦✐❤♦ ③ ▲◆❈▼■✲❈◆❘❙✲
●r❡♥♦❜❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶
✷✳✻ s❝❤é♠❛ ♣➦í♣r❛✈② ❣r❛❢é♥✉ ♣♦♠♦❝í ♠❡t♦❞② ❈❱❉ ♣♦♣s❛♥é ✈ s❡❦❝✐ ✷✳✸✳✷ ❀ ♣➦❡✈③❛t♦ ❛
✉♣r❛✈❡♥♦ ③✿ ❬✷✵❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷
✷✳✼ s❝❤é♠❛ r➲st✉ ❣r❛❢é♥✉ ♥❛ ❙✐❈❀ ♣➦❡✈③❛t♦ ③✿ ❬✷✷❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷
✸✳✶ str✉❦t✉r❛ ▼♦❙2❀ ♣➦❡✈③❛t♦ ③✿ ❬✷✺❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺
✸✳✷ ✭❛✮s❝❤é♠❛t✐❝❦é ③♥á③♦r♥➙♥í ❡❧❡❦tr♦❝❤❡♠✐❝❦é ❡①❢♦❧✐❛❝❡ ▼♦❙2 ✭❜✮ ❢♦t♦❣r❛✜❡ ❦r②st❛❧✉
▼♦❙2 ✉❝❤②❝❡♥é❤♦ ♥❛ ♣❧❛t✐♥➙ ✭❝✮ ❡①❢♦❧✐♦✈❛♥é ✈❧♦↔❦② ▼♦❙2 r♦③♣tý❧❡♥é ✈ r♦③t♦❦✉
◆❛2❙❖4 ✭❞✮ ▼♦❙2 ✈rst✈② ❞✐s♣❡r❣♦✈á♥② ✈ ◆▼P r♦③t♦❦✉ ✭❡✮ s❝❤é♠❛t✐❝❦á ✐❧✉str❛❝❡
♣r✐♥❝✐♣✉ ❡❧❡❦tr♦❝❤❡♠✐❝❦é ❡①❢♦❧✐❛❝❡❀ ♣➦❡✈③❛t♦ ③✿ ❬✸✵❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼
✸✳✸ ❙❝❤é♠❛ ♠❡t♦❞② ❡❧❡❦tr♦❝❤❡♠✐❝❦é ❧✐t❤✐❛❝❡❀ ♣➦❡✈③❛t♦ ❛ ✉♣r❛✈❡♥♦ ③ ❬✸✶❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽
✹✳✶ ❙❦❧á❞á♥í ❥❡❞♥♦t❧✐✈ý❝❤ ✷❉ ♠❛t❡r✐á❧➲ ♥❛ s❡❜❡✱ ✈♣r❛✈♦ ❞♦❧❡ ❥❡❥✐❝❤ ❛♥❛❧♦❣✐❡ ③ ❧❡❣❛ ❛
✈♣r❛✈♦ ♥❛❤♦➦❡ ♣❛❦ s❡③♥❛♠ ♣♦✉➸✐tý❝❤ ✷❉ ♠❛t❡r✐á❧➲❀ ♣➦❡✈③❛t♦ ③ ❬✸✷❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾
✹✳✷ ❙❝❤é♠❛ ❜❡③✈♦❞♥é tr❛♥s♣♦rt♥í ♠❡t♦❞② ✭❛✮ ❛ ✈♦❞♥é tr❛♥s♣♦rt♥í ♠❡t♦❞② ✭❝✮ ❀ ♣➦❡✈③❛t♦
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✹✳✸ ❙❝❤é♠❛ ♠❡t♦❞② ↔✳✸ ❀ ♣➦❡✈③❛t♦ ❛ ✉♣r❛✈❡♥♦ ③ ❬✹✵❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✷
✹✳✹ ❙❝❤é♠❛ ♠❡t♦❞② ↔✳ ✹❀ ✭✐✮ s✉❜strát ❙✐ s ✈rst✈♦✉ P❱❆✴P▼▼❆✴❣r❛❢é♥ ❥❡ ✈❧♦➸❡♥ ❞♦ ✈♦❞②
✭✐✐✮ ♣♦ r♦③♣✉➨t➙♥í ✈rst✈② P❱❆ ❞♦❝❤á③í ❦ ♣♦❦❧❡s✉ s✉❜strát✉ ❛ ✈rst✈❛ P▼▼❆✴❣r❛❢é♥
♣❧❛✈❡ ♥❛ ❤❧❛❞✐♥➙ ✭✐✐✐✮ ♥❛ r❛♠❡♥♦ ♠✐❦r♦♣♦s✉✈✉ ❥❡ ✉♠íst➙♥♦ ♦❦♥♦ ③ ❧❡♣í❝í ♣ás❦② ♦❜✲
s❛❤✉❥í❝í ✈rst✈✉ P▼▼❆✴❣r❛❢é♥✱ ♣➦✐↔❡♠➸ ✈❡ s♣♦❞♥í ↔ást✐ ❥❡ ✉♠íst➙♥ ❝í❧♦✈ý s✉❜strát s
✈rst✈♦✉ ♥❛♣➦✳ ▼♦❙2 ✭✐✈✮ ✈②t✈♦➦❡♥í ❤❡t❡r♦str✉❦t✉r②❀ ♣➦❡✈③❛t♦ ❛ ✉♣r❛✈❡♥♦ ③ ❬✹✶❪ ✳ ✳ ✷✷
✹✳✺ ✭❛✮ ❦➦❡♠í❦♦✈ý s✉❜strát s ✈rst✈♦✉ P❱❆✴❣r❛❢é♥✴P▼▼❆ s ♥❛❧❡♣❡♥ý♠ rá♠❡♠ ③ ❧❡♣í❝í
♣ás❦② ✭❜✮ ✈❧♦➸❡♥í s✉❜strát✉ s ✈rst✈♦✉ ❛ rá♠❡♠ ❞♦ ✈♦❞② ✭❝✮ ♣♦↔át❡❦ ❧❡♣tá♥í ✈rst✈②
P❱❆ ✭❞✮ ③ ♣➲❧❦② ♦❞❧❡♣t❛♥á ✈rst✈❛ P❱❆ ✭❡✮ té♠➙➦ ♦❞❧❡♣t❛♥á ✈rst✈❛ P❱❆ ✭❢✮ ♦❞tr➸❡♥í
rá♠✉ s ✈rst✈♦✉ ❣r❛❢é♥✴P▼▼❆ ♦❞ ❦➦❡♠í❦♦✈é❤♦ s✉❜strát✉ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸
✺✳✶ ✭❛✮ ❦➦❡♠í❦♦✈ý s✉❜strát s ✈rst♦✉ P❱❆ ✭❜✮ ❦➦❡♠í❦♦✈ý s✉❜strát s ✈rst✈♦✉ P❱❆✴P▼▼❆ ✷✻
✺✳✷ ✭✶✮ P➦✐❧♦➸❡♥í ❛❞❤❡③✐✈♥í ♣ás❦② ❦❡ ✈③♦r❦✉ ❛ ♥ás❧❡❞♥é ♣➦✐t❧❛↔❡♥í t✉♣ý♠ ❦♦♥❝❡♠ ♣✐♥③❡t②
♥❛ ♣ás❦✉✱ ♣r♦ ❧❡♣➨í ♣➦✐❧♥❛✈♦st ♣ás❦② ❦❡ ✈③♦r❦✉ ✭✷✮ ♣♦♠❛❧é ♦❞tr➸❡♥í ♣ás❦② ♦❞ ✈③♦r❦✉ ✷✻
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✹✸
✺✳✺ ❱ý➨❦♦✈ý ♣r♦✜❧ ❣r❛❢é♥♦✈é ✈❧♦↔❦②❀ t❡♥t♦ ♣r♦✜❧ ❥❡ ③❛③♥❛↔❡♥ ♥❛ ♦❜rá③❦✉ ✺✳✹ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽
✺✳✻ P♦st✉♣ ♦❞❧❡♣tá♥í s♣♦❞♥í ✈rst✈② P❱❆✱ ✭✶✮ ♣♦❤❧❡❞ ♥❛ ♠❡❝❤❛♥✐❝❦② ✉♣r❛✈❡♥ý ✈③♦r❡❦
♣➦❡❞ ✈❧♦➸❡♥í♠ ❞♦ ✈♦❞② ✭✷✮ ✈❧♦➸❡♥í ✈③♦r❦✉ ❞♦ ✈♦❞② ❛ ♣♦♥♦➦❡♥í ❦r❛❥❡ ✈③♦r❦✉ ♣✐♥✲
③❡t♦✉ ✭✸✮✭✹✮✭✺✮ ♣♦st✉♣ ❧❡♣tá♥í ✈rst✈② P❱❆ ✭✻✮ ♦❞tr➸❡♥í ✈rst✈② P▼▼❆✴❣r❛❢é♥ ♦❞
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✺✳✼ ❱❧♦➸❡♥í rá♠❝❡ ③ ❧❡♣í❝í ♣ás❦② ♣♦❞ ♣❧♦✈♦✉❝í ♠❡♠❜rá♥✉ P▼▼❆✴❣r❛❢é♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾
✺✳✽ ✭❛✮ ♠✐❦r♦♣♦s✉✈ s ❤❧✐♥➙♥ý♠ ♣❧❡❝❤❡♠ ✭❜✮ ♣♦❞❧♦➸❦❛ ♣r♦ ♦❤➦í✈á♥í s✉❜strát✉ ✳ ✳ ✳ ✳ ✳ ✳ ✸✵
✺✳✾ ✭❛✮ ③❞r♦❥ ♥❛♣➙tí ✭❜✮ ♦♣t✐❝❦ý ♠✐❦r♦s❦♦♣ ✭❝✮ ♣♦❞❧♦➸❦❛ ♣r♦ ♦❤➦í✈á♥í s✉❜strát✉ ✭❞✮ ♠✐✲
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✺✳✶✷ ❯♠íst➙♥í ❣r❛❢é♥♦✈é ✈❧♦↔❦② ♥❛ ❝í❧♦✈ý s✉❜strát✱ ✜❛❧♦✈é rý❤② ✈②③♥❛↔✉❥í ✈rst✈✉ P▼▼❆ ✸✷
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✻✳✸ s❝❤é♠❛ ❦♦♥t❛❦t♥í❤♦✱ ❜❡③❦♦♥t❛❦t♥í❤♦ ❛ ♣➦í❦❧❡♣♦✈é❤♦ r❡➸✐♠✉❀ ♣➦❡✈③❛t♦ ③ ❬✹✽❪ ✳ ✳ ✳ ✳ ✹✼
✹✹
❉❖❉❆❚❑❨
❉♦❞❛t❡❦ ❆
P♦❧②✈✐♥②❧❛❧❦♦❤♦❧
P♦❧②✈✐♥②❧❛❧❦♦❤♦❧ ❥❡ ❜í❧ý ♣rá➨❡❦✱ ③➦❡t❡❧♥➙ ❦r②st❛❧✐❝❦é❤♦ ❝❤❛r❛❦t❡r✉✳ ❱②s❦②t✉❥❡ s❡ ♣♦✉③❡ ✈ ♣♦❧②♠❡r♥í
❢♦r♠➙✱ ❥❡❧✐❦♦➸ s❛♠♦t♥ý ♠♦♥♦♠❡r ✭❥❡❞✐♥á ❥❡❞♥♦t❦❛ ♣♦❧②♠❡r✉✮ ✈✐♥②❧❛❧❦♦❤♦❧ ❥❡ ✈❡❧♠✐ ♥❡st❛❜✐❧♥í✳ ❚❛t♦
♥❡st❛❜✐❧✐t❛ ❥❡ ③♣➲s♦❜❡♥❛ tí♠✱ ➸❡ ✈✐♥②❧❛❧❦♦❤♦❧ s❡ s♥❛❞♥♦ ♠➙♥í ♣➦❡s♠②❦❡♠ ✈❡ st❛✈✉ s✈é❤♦ ③r♦❞✉ ♥❛
❛❧❞❡❤②❞✳ ❚❛t♦ r❡❛❦❝❡ ❥❡ ③♦❜r❛③❡♥❛ ♥❛ ♦❜rá③❦✉ ✻✳✶✳
P➦í♣r❛✈❛ ❝❤❛r❛❦t❡r✐st✐❝❦á ♣r♦ ✈ýr♦❜✉ ♣♦❧②♠❡r➲ t❥✳ ③✐s❦ ♣♦❧②♠❡r✉ ♣♦❧②♠❡r❛❝í ♠♦♥♦♠❡r✉ ③❞❡ t✉❞í➸
♥❡❧③❡ ❛♣❧✐❦♦✈❛t✳ ◆❛♠íst♦ t♦❤♦ s❡ ♣r♦ ✈ýr♦❜✉ ✈②✉➸í✈á ❥✐♥é❤♦ ♣♦st✉♣✉ ❛ t♦ ❤②❞r♦❧ý③❛ ♣♦❧②✈✐♥②❧❛❝❡✲
tát✉✳ ❩ t♦❤♦t♦ ❞➲✈♦❞✉ ♦❜s❛❤✉❥❡ ♣♦❧②✈✐♥②❧❛❧❦♦❤♦❧ ✉r↔✐té ♠♥♦➸st✈í ♣♦❧②✈✐♥②❧❛❝❡tát♦✈ý❝❤ s❦✉♣✐♥✳
▼❡③✐ ❥❡❤♦ ③❛❥í♠❛✈é ✈❧❛st♥♦st✐ ♣❛t➦í ❥❡❤♦ r♦③♣✉st♥♦st✱ ❦t❡rá ♦❜❡❝♥➙ ③á✈✐sí ♥❛ ♣r♦❝❡♥t✉á❧♥í♠ ③❛st♦✉✲
♣❡♥í ♣♦❧②✈✐♥②❧❛❝❡tát♦✈ý❝❤ ❥❡❞♥♦t❡❦✳ ◆❛♣➦í❦❧❛❞ ♣r♦ ✈í❝❡ ♥❡➸ ♣➙t✐ ♣r♦❝❡♥t♥í ♦❜s❛❤ ✈✐♥②❧❛❝❡tát♦✈ý❝❤
❥❡❞♥♦t❡❦ s❡ ❥✐➸ r♦③♣♦✉➨tí ✈❡ ✈♦❞➙ ❥❡♥ ♣➦✐ t❡♣❧♦tá❝❤ ♥❛❞ ✻✺◦❈✳ ❷í♠ ✈②➨➨í ❥❡ ❥❡❤♦ ♠♦❧❡❦✉❧♦✈á ❤♠♦t♥♦st✱
tí♠ ♠❡♥➨í ❥❡ ❥❡❤♦ r♦③♣✉st♥♦st✳ ❖❜❡❝♥➙ ❥❡❥ ❧③❡ ♣♦✉➸ít ③❛ t❡♣❧♦t ♦❞ ✲✺✵◦❈ ❞♦ ✶✸✵◦❈✱ ♥❛❞ ✷✵✵◦❈ s❡
r♦③❦❧á❞á✳ P♦❧②✈✐♥②❧❛❧❦♦❤♦❧ ♠á r❡❧❛t✐✈♥➙ ✈❡❧❦é ✈②✉➸✐tí ❥❛❦♦ ♥❛♣➦í❦❧❛❞ ♦❝❤r❛♥♥ý ❦♦❧♦✐❞ ♣r♦ s✉s♣❡♥③♥í
♣♦❧②♠❡r❛❝❡✱ ❞á❧❡ ❥❛❦♦ ③❛❤✉➨➫♦✈❛❞❧♦ ♣r♦ ♥át➙r♦✈é ❤♠♦t②✱ ❦ ✈ýr♦❜➙ ❧❡♣✐❞❡❧ ✭✈ ❦♦♠❜✐♥❛❝✐ s❡ ➨❦r♦❜❡♠✮
❛ ✐♠♣r❡❣♥❛↔♥í❝❤ ❤♠♦t ♦❞♦❧♥ý❝❤ ❜❡♥③í♥✉✱ ♦❧❡❥➲♠✱ t✉❦➲♠ ❛ r♦③♣♦✉➨t➙❞❧➲♠✳ ❬✹✷❪
❖❜r✳ ✻✳✶✿ ❩❞r♦❥✿ ❬✹✷❪
P♦❧②♠❡t②❧♠❡t❛❦r②❧át
❉❛❧➨í ♣♦✉➸✐t♦✉ ❧át❦♦✉ ❥❡ r♦③t♦❦ ♣♦❧②♠❡t②❧♠❡t❛❦r②❧át✉ ③❦rá❝❡♥➙ P▼▼❆✳ P▼▼❆ ❥❡ t❡r♠♦♣❧❛st✐❝❦ý
♣♦❧②♠❡r ❜➙➸♥é ③♥á♠ý ❥❛❦♦ ♣❧❡①✐s❦❧♦ ↔✐ ❛❦r②❧♦✈é s❦❧♦✱ ❦t❡rý s❡ ③ís❦á✈á ❥❛❦♦ ✈➙t➨✐♥❛ ♦st❛t♥í❝❤ ♣♦❧②✲
♠❡r➲ ♣♦❧②♠❡r❛❝í ✈❧❛st♥í❤♦ ♠♦♥♦♠❡r✉✲♠❡t②❧♠❡t❛❦r②❧át✉✳ ❬✹✸❪ ▼❡③✐ t②♣✐❝❦é ✈❧❛st♥♦st✐ P▼▼❆ ♣❛t➦í
♣r➲❤❧❡❞♥♦st ❛ ❧❡s❦❧ý ♣♦✈r❝❤✱ t✈r❞♦st✱ ♦❞♦❧♥♦st ♣r♦t✐ ♣♦➨❦rá❜á♥í ❛ ♦❞♦❧♥♦st ✈➲↔✐ s❧✉♥❡↔♥í♠✉ ③á➦❡♥í✳
❆❦r②❧át ❥❡ t❛❦é ♠♦➸♥é ♣♦♠➙r♥➙ s♥❛❞♥♦ t✈❛r♦✈❛t ③❛ t❡♣❧♦t ♦❞ ✶✹✵◦❈ ❞♦ ✶✽✺◦❈✱ ❛✈➨❛❦ ♣➦✐ t❡♣❧♦tá❝❤
✈➙t➨í❝❤ ♥❡➸ ✷✶✵◦❈ ❞♦❝❤á③í ❦ ❞❡♣♦❧②♠❡r✐③❛❝✐ ❛❦r②❧át✉✳ ❬✹✹❪
Pr♦♣✉st♥♦st ✈✐❞✐t❡❧♥é❤♦ s♣❡❦tr❛ s❧✉♥❡↔♥í❤♦ ③á➦❡♥í ❥❡ ♣r♦ ❛❦r②❧át t❧✉stý ✸♠♠ > 92%✱ ❝♦➸ ❥❡ ❞♦❦♦♥❝❡
✈②➨➨í ❤♦❞♥♦t❛ ♥❡➸ ♣r♦ ❛♥♦r❣❛♥✐❝❦é s❦❧♦ ✭✾✶✪✮✳ ◆❛✈í❝ ↔❛s❡♠ ❛❦r②❧át s✈♦✉ s✈➙t❡❧♥♦✉ ♣r♦♣✉st♥♦st
♥❡♠➙♥í✱ ❝♦➸ ❥❡ ♦♣r♦t✐ ❥✐♥ý♠ ♣❧❛st➲♠ ③♥❛↔♥á ✈ý❤♦❞❛✳ ❖st❛t♥í ♣❧❛st② t♦t✐➸ ♣♦ ✉r↔✐té ❞♦❜➙ ③❡➸❧♦✉t♥♦✉
❛ ❥❡❥✐❝❤ s✈➙t❡❧♥á ♣r♦♣✉st♥♦st ❦❧❡sá✳ ❬✹✹❪
✹✺
❉♦❞❛t❡❦ ❇
▼✐❦r♦s❦♦♣✐❡ ❛t♦♠ár♥í❝❤ s✐❧
▼✐❦r♦s❦♦♣✐❡ ❛t♦♠ár♥í❝❤ s✐❧ ③❦rá❝❡♥➙ ❆❋▼ ✭③ ❛♥❣❧✳ ❆t♦♠✐❝ ❋♦r❝❡ ▼✐❝r♦s❝♦♣②✮ ❥❡ ♠✐❦r♦s❦♦♣✐❝❦á
♠❡t♦❞❛✱ ❦t❡rá s❡ ♣♦✉➸í✈á ♣r♦ tr♦❥r♦③♠➙r♥é ③♦❜r❛③♦✈á♥í ♣♦✈r❝❤➲✳ Pr✐♥❝✐♣ ♠❡t♦❞② ❥❡ ③❛❧♦➸❡♥ ♥❛
❞❡t❡❦❝✐ ❤r♦t✉ ✉♠íst➙♥é❤♦ ♥❛❞ ✈③♦r❦❡♠✳ ❍r♦t ❥❡ ✉♣❡✈♥➙♥ ♥❛ ♣r✉➸♥é♠ r❛♠í♥❦✉ ✭❛♥❣❧✳ ❝❛♥t✐❧❡✈❡r✮
❛ ✈❧✐✈❡♠ ❛t♦♠ár♥í❝❤ s✐❧ ✭✈❛♥ ❞❡r ❲❛❛❧s♦✈②✱ ❡❧❡❦tr♦st❛t✐❝❦é✱ ❦❛♣✐❧ár♥í✳✳✮ ♠❡③✐ ❤r♦t❡♠ ❛ ♣♦✈r❝❤❡♠
✈③♦r❦✉ ❞♦❝❤á③í ❦ ✈②❝❤ý❧❡♥í ❤r♦t✉✳ ❉❡t❡❦❝í tét♦ ✈ý❝❤②❧❦② ❧③❡ ③ís❦❛t ❞♦st❛t❡❦ ✐♥❢♦r♠❛❝í ♦ ♣♦✈r❝❤✉
✈③♦r❦✉✳ ❬✹✻❪ Pr✐♥❝✐♣ tét♦ ♠❡t♦❞② ❥❡ ③♦❜r❛③❡♥ ♥❛ ♦❜rá③❦✉ ✻✳✷✳ ❍r♦t s♥í♠á ♣♦✈r❝❤ ✈③♦r❦✉ ❛ ✈❧✐✈❡♠
❛t♦♠ár♥í❝❤ s✐❧ ❥❡ ✈ ❦❛➸❞é♠ ♠íst➙ ❥✐♥❛❦ ✈②❝❤②❧♦✈á♥ ✲ t♦ ③♣➲s♦❜í ❥✐♥é ✈②❝❤ý❧❡♥í ❧❛s❡r✉✱ ❦t❡rý ❞♦♣❛❞á
♥❛ ❤r♦t ❛ ♥ás❧❡❞♥➙ ❥❡ ③❛❝❤②❝♦✈á♥ ♣♦♠♦❝í ❢♦t♦❞✐♦❞②✳ ❩❛❝❤②❝❡♥ý ♦❞r❛➸❡♥ý ❧❛s❡r♦✈ý ♣❛♣rs❡❦ ✉♠♦➸➡✉❥❡
♣♦↔ít❛↔♦✈é ③♦❜r❛③❡♥í ✈③♦r❦✉✳
P➦❡s♥♦st tét♦ ♠❡t♦❞② ③á✈✐sí ♥❛ ♣➦❡s♥♦st✐ ✉❞r➸❡♥í ♣♦❧♦❤② ❤r♦t✉ ❛ s❝❤♦♣♥♦st✐ ❞❡t❡❦❝❡ ♦❤♥✉tí r❛♠í♥❦❛
✭♥❡❜♦❧✐ ❞❡t❡❦❝❡ ♣♦❧♦❤② ❤r♦t✉ ♦❞ ♣♦✈r❝❤✉✮✳ ❷❛st♦ s❡ ✈ ♣r❛①✐ ♣♦✉➸í✈❛❥í t③✈✳ ♣✐❡③♦❡❧❡❦tr✐❝❦é s❦❡♥❡r②✱
❦t❡ré ❥s♦✉ s❝❤♦♣♥② ♣♦s♦✉✈❛t ✈③♦r❡❦ ✈ ➦á❞❡❝❤ ❞❡s❡t✐♥ ♥❛♥♦♠❡tr✉✳ ❉❛❧➨í ♦♣❛t➦❡♥í ♣r♦ ❦✈❛❧✐t♥í ♠➙➦❡♥í✱
❥❡ ✉♠íst➙♥í ♠✐❦r♦s❦♦♣✉ ❆❋▼ ♥❛ ❛♥t✐✈✐❜r❛↔♥í❝❤ st♦❧❡❝❤✳ ❚♦t♦ ♦♣❛t➦❡♥í ③❛❥✐stí ♣➦❡s♥é ✉❞r➸❡♥í ♣♦❧♦❤②
❤r♦t✉✳ ❬✹✼❪ ❊①✐st✉❥í ❝❡❧❦❡♠ t➦✐ r❡➸✐♠② ♠➙➦❡♥í ✲ ❦♦♥t❛❦t♥í✱ ❜❡③❦♦♥t❛❦t♥í ❛ ♣➦í❦❧❡♣♦✈ý r❡➸✐♠✳
❖❜r✳ ✻✳✷✿ Pr✐♥❝✐♣ ♠➙➦❡♥í ❆❋▼❀ ♣➦❡✈③❛t♦ ③ ❬✹✻❪
✹✻
❑♦♥t❛❦t♥í r❡➸✐♠
❑♦♥t❛❦t♥í r❡➸✐♠ ♠➙➦❡♥í ✈②✉➸í✈á ✈❡❧♠✐ ♠❛❧ý❝❤ ✈③❞á❧❡♥♦stí ♠❡③✐ ❤r♦t❡♠ ❛ ♣♦✈r❝❤❡♠ ❛ ✈❧✐✈❡♠ ♦❞♣✉✲
❞✐✈ý❝❤ s✐❧ ♣♦té ❞♦❝❤á③í ❦ ♦❤♥✉tí r❛♠❡♥❛✳ ❏❡st❧✐➸❡ ❥s♦✉ ♥❡r♦✈♥♦st✐ ♣♦✈r❝❤✉ ♣➦í❧✐➨ ✈❡❧❦é✱ ♠➲➸❡ s♥❛❞♥♦
❞♦❥ít ❦ ♣♦➨❦♦③❡♥í ❤r♦t✉✳ ❩ t♦❤♦t♦ ❞➲✈♦❞✉ s❡ ✈ t♦♠t♦ r❡➸✐♠✉ ↔❛st♦ ✈②✉➸í✈á t③✈✳ r❡➸✐♠✉ s ❦♦♥✲
st❛♥t♥í♠ ♦❤♥✉tí♠✳ ❱ ❦❛➸❞é♠ ❜♦❞➙ ♠➙➦❡♥í s❡ ♣♦r♦✈♥á✈á ❤♦❞♥♦t❛ ♣➦❡❞♥❛st❛✈❡♥é❤♦ ♦❤♥✉tí r❛♠í♥❦❛
s ❛❦t✉á❧♥í♠ ♦❤♥✉tí♠✱ ❥❡➸ ❥❡ ♣♦té ✈②r♦✈♥á✈á♥♦ ❞♦ ♣➦❡❞♥❛st❛✈❡♥é ♣♦❧♦❤②✳ ❘♦③❞í❧ ♠❡③✐ ♣➦❡❞♥❛st❛✲
✈❡♥♦✉ ❤♦❞♥♦t♦✉ ❛ ❛❦t✉á❧♥í ♥❛♠➙➦❡♥♦✉ ❤♦❞♥♦t♦✉ ✈ ❦❛➸❞é♠ ❜♦❞➙ ♠➙➦❡♥í ♣♦té s❧♦✉➸í ❦ s❡st❛✈❡♥í
♦❜r❛③✉ ✈③♦r❦✉✳ ❬✹✻❪
❉❛❧➨í ❦♦♥t❛❦t♥í r❡➸✐♠ ❥❡ t③✈✳ r❡➸✐♠ s ❦♦♥st❛♥t♥í ✈ý➨❦♦✉ ✲ ♣➦✐ t♦♠t♦ r❡➸✐♠✉ s❡ ❤r♦t ♣♦❤②❜✉❥❡ ♣♦
♣♦✈r❝❤✉ ✈③♦r❦✉ t❛❦✱ ➸❡ ✈ý➨❦❛ ❞r✉❤é❤♦ ❦♦♥❝❡ r❛♠í♥❦❛ ❥❡ ❦♦♥st❛♥t♥í✳ ❉♦❥❞❡✲❧✐ ❦ ❞❡t❡❦❝✐ ♥❡r♦✈♥♦st✐
♥❛ ✈③♦r❦✉✱ ♥❛st❛♥❡ ♣♦té ❥✐♥é ♦❤♥✉tí r❛♠❡♥❡ ✈ ❞❛♥é♠ ♠íst➙✳ ❩❡ ③á✈✐s❧♦st✐ ♦❤♥✉tí r❛♠❡♥❡ ✈ ❦❛➸✲
❞é♠ ♠íst➙✱ ❧③❡ ♣♦té s❡str♦❥✐t ③✈➙t➨❡♥ý ♦❜r❛③ ✈③♦r❦✉✳ ❬✹✼❪ ◆❡✈ý❤♦❞♦✉ ❦♦♥t❛❦t♥í❤♦ r❡➸✐♠✉ ♠➲➸❡ ❜ýt
♣♦➨❦♦③❡♥í ✈③♦r❦✉ ✈❧✐✈❡♠ t➦❡❝í❝❤ s✐❧ ♣➦✐ ♣♦❤②❜✉ ❤r♦t✉ ♣♦ ♣♦✈r❝❤✉ ✈③♦r❦✉✳
❇❡③❦♦♥t❛❦t♥í r❡➸✐♠
❚❡♥t♦ r❡➸✐♠ ③❛❥✐➨➫✉❥❡ ♦❞str❛♥➙♥í ♠♦➸♥♦st✐ ♣♦➨❦♦③❡♥í ✈③♦r❦✉ ✈❧✐✈❡♠ t➦❡❝í❝❤ s✐❧ ❛ t♦ ③ ♣r♦sté❤♦
❞➲✈♦❞✉ ✲ ❤r♦t s❡ ✈③♦r❦✉ ✈➲❜❡❝ ♥❡❞♦tý❦á✳ Pr✐♥❝✐♣ ❜❡③❦♦♥t❛❦t♥í❤♦ r❡➸✐♠✉ ❥❡ ♥ás❧❡❞✉❥í❝í ✲ ♥❡❥♣r✈❡
❥❡ r♦③❦♠✐tá♥ ♣r✉➸♥ý ♥♦s♥í❦✱ ♥❛ ❦t❡ré♠ ❥❡ ✉♠íst➙♥ ❤r♦t✳ ❍r♦t ❥❡ ✈❡ ✈③❞á❧❡♥♦st✐ ❝❝❛ ✶ ✲ ✶✵ ♥♠ ♦❞
✈③♦r❦✉✳ ❱❧✐✈❡♠ ❛t♦♠ár♥í❝❤ s✐❧ ✭♣➦❡❞❡✈➨í♠ ✈❛♥ ❞❡r ❲❛❛❧s♦✈ý❝❤✮ ❥❡ ✈ ❦❛➸❞é♠ ♠íst➙ r❛str♦✈á♥í ❤r♦t
❥✐♥❛❦ ✈②❝❤ý❧❡♥ ✲ ❞♦❝❤á③í ❦❡ ③♠➙♥➙ ❛♠♣❧✐t✉❞② ❦♠✐tá♥í✳ P♦③♦r♦✈á♥í♠ ③á✈✐s❧♦st✐ ❛♠♣❧✐t✉❞② ✈ ❞❛♥é♠
♠íst➙ r❛str♦✈á♥í ❧③❡ ♣♦té s❡st❛✈✐t ③✈➙t➨❡♥ý ♦❜r❛③ ✈③♦r❦✉✳ ❬✹✻❪
P➦í❦❧❡♣♦✈ý r❡➸✐♠
P➦í❦❧❡♣♦✈ý r❡➸✐♠ ✈②✉➸í✈á ♦❜♦✉ ♣➦❡❞❝❤á③❡❥í❝í❝❤ r❡➸✐♠➲ s♦✉↔❛s♥➙✳ P➦✐ t♦♠t♦ r❡➸✐♠✉ s❡ ✈②✉➸í✈á ❦♠✐✲
tá♥í r❛♠❡♥❡ s t❛❦♦✈♦✉ ❛♠♣❧✐t✉❞♦✉✱ ➸❡ ♥❛ ❝❤✈í❧✐ ❞♦❥❞❡ ❦❡ ❦♦♥t❛❦t✉ ❤r♦t✉ s ♣♦✈r❝❤❡♠ ✈③♦r❦✉✳ P♦✈r❝❤
❥❡ ♣➦✐ t♦♠t♦ r❡➸✐♠✉ ♠❛♣♦✈á♥ ♣♦♠♦❝í ③♠➙♥② r❡③♦♥❛♥↔♥í ❢r❡❦✈❡♥❝❡✳ P➦í❦❧❡♣♦✈ý r❡➸✐♠ ❥❡ ✈❤♦❞♥ý ♥❛✲
♣➦í❦❧❛❞ ♣r♦ ♠➙➦❡♥í ❝✐t❧✐✈ý❝❤ ✈③♦r❦➲ ✲ ❜✐♦❧♦❣✐❝❦é ✈③♦r❦② ❛♣✳ ◆❡✈ý❤♦❞❛ t♦❤♦t♦ r❡➸✐♠✉ s♣♦↔í✈á ✈
♠♥♦❤❡♠ ♣♦♠❛❧❡❥➨í s❦❡♥♦✈❛❝í r②❝❤❧♦st✐ ♦♣r♦t✐ ❦♦♥t❛❦t♥í♠✉ r❡➸✐♠✉✳ ❬✹✻❪ ❙❝❤é♠❛ ✈➨❡❝❤ t➦í r❡➸✐♠➲ ❧③❡
✈✐❞➙t ♥❛ ♦❜rá③❦✉ ✻✳✸
❖❜r✳ ✻✳✸✿ s❝❤é♠❛ ❦♦♥t❛❦t♥í❤♦✱ ❜❡③❦♦♥t❛❦t♥í❤♦ ❛ ♣➦í❦❧❡♣♦✈é❤♦ r❡➸✐♠✉❀ ♣➦❡✈③❛t♦ ③ ❬✹✽❪
✹✼
